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Serotonergic Modulation of Walking Behavior in Drosophila melanogaster
Clare E. Howard
Walking is an essential behavior across the animal kingdom. To navigate complex
environments, animals must have highly robust, yet flexible locomotor behaviors.
One crucial aspect of this process is the selection of an appropriate walking speed.
Speed shifts entail not only the scaling of behavioral parameters (such as faster steps)
but also changes in coordination to produce different gaits, and the details of how
this switch occurs are currently unknown.
Modulatory substances, particularly small biogenic amine neurotransmitters, can
alter the output and even the connectivity of motor circuits. This work addresses
the hypothesis that one such neuromodulator – serotonin (5HT) – is a key regulator
of walking speed at the level of motor circuitry. To explore this question, I use the
model organism Drosophila melanogaster which, like vertebrates, displays complex
coordinated locomotion at a wide range of speeds.
In Chapter 2, I will describe our efforts to characterize the anatomy of the sero-
tonergic cell populations that provide direct input to motor circuitry. I find that
innervation of the neuropil of the ventral nerve cord - a structure roughly analagous
to the mammalian spinal cord - is provided primarily by local modulatory interneu-
rons. Using stochastic single cell labeling techniques, I will detail the specific anatomy
of individual neuromodulatory cells, and also the distribution of synapses across their
processes.
In Chapter 3, I will show that optogenetic activation or tonic inhibition of VNC
serotonergic neurons produces opposing shifts in walking speed. To analyze behavior,
I will use two complementary approaches. On the one hand, I will use an arena
assay to holistically assess walking velocity and frequency. On the other, I will use a
behavioral assay developed in the lab - the Flywalker - to assess walking kinematics at
high resolution. The combination of these technique will give us a broad and specific
picture of how the VNC serotonergic system modulates walking.
In Chapter 4, I will identify natural behavioral contexts under which serotonin is
used to shift walking behavior. I will use a variety of paradigms that induce animals
to shift their speed, from changes in orientation and nutrition state, to pulses of light,
odor, and a vibration. I will assess the requirement for the VNC serotonergic system
under all of these conditions, to build a clearer picture of its role in modulating
behavioral adaptation.
In Chapter 5, I will describe our efforts, in collaboration with Pavan Ramdya’s lab
at EPFL, to functionally image VNC serotonergic cells while the animal is walking,
to understand how activity is endogenously regulated in this population.
Finally, in Chapter 6 I will characterize the circuit elements which might be re-
sponsible for serotonin’s effect on walking. I will use recently developed mutant
lines to identify the particular serotonergic receptors responsible for enacting shifts
in walking behavior. Using genetic labeling tools, I will identify potential targets of
serotonergic signaling in the VNC, and formulate a model by which action on these
targets could adjust locomotor output.
Altogether, this work seeks to characterize the anatomy and behavioral role of the
VNC serotonergic system in Drosophila. I hope that through this work, I will gain
a deeper understanding of not only this particular modulatory system in this partic-
ular behavioral context, but also of how static circuits are conferred with essential
flexibility in behaving animals.
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Turning sensory information into motor behaviors is fundamental for nearly every-
thing we do in the world, including finding food and developing social relationships.
The motor behaviors we engage in as humans are extremely diverse, from chewing,
to breathing, to walking around. In turn, each of these behaviors must be flexible,
to allow us to effectively navigate a complex environment. This behavioral flexibility
has proven to be a rich source of inspiration for building machines that can effectively
interact with the world [1–3], and someday it may be key to developing treatments
for debilitating diseases of the motor system.
1.1 Models of circuit flexibility
Motor systems generally consist of a standard set of components. Motor neurons are
the effectors and produce actions at the level of muscles. For rhythmic behaviors such
as walking, breathing, and chewing, commands to these motor neurons are derived
from central pattern generating (CPG) circuits, configurations of local interneurons
that can propagate rhythmic motor patterns even without sensory input (cat loco-
motion: [4, 5], locust flight: [6, 7], Drosophila locomotion [8], human walking: [9],
reviewed in [10–18]).
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A key question is how each of these motor systems, which is comprised of a limited
set of motor neurons and muscles, can produce a variety of behaviors. The locomo-
tor system, for example, produces a range of behaviors from walking, to kicking, to
running, to simply standing still. At the most extreme end, there could be entirely
separate interneuron circuits for distinct behavioral uses of a particular muscle or
motor neuron. While there are a few notable examples of this type of circuit segre-
gation, including the bifunctional muscles of the locust, and the swimmeret rhythms
of the crayfish [6, 18–21], the overwhelming majority of cases suggest that there is
generally one array of interneurons that underlies a diversity of motor behaviors [18,
21–23], reviewed in [24].
1.2 Sensory modulation of CPGs
While a defining feature of CPG circuits is their ability to produce a rhythmic motor
pattern in the absence of sensory inputs, the motor pattern produced without sensory
innervation has been shown to be quantitatively different and less precise. One of
the major ways that the output CPG circuits is adjusted is through the influence of
proprioceptive feedback, or an understanding of the location of the body in space.
In locomotor systems in particular, proprioceptive feedback appears to be key to re-
fining CPG output and producing flexible motor patterns (Drosophila adult walking:
[8], locust wingbeats [25, 26], cockroach fictive locomotion: [27], cat locomotion:[5],
Drosophila larval crawling: [28]).
Extensive work in the stick insect has illuminated key principle of proprioceptive
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modulation. Specialized sensory structures that sense the position of joints and cu-
ticular deformations send this information back to the pattern generator, allowing
it to tune output to the state of the animal. Structures called chordotonal organs
sense the position, velocity, and acceleration of particular leg joints, campaniform
sensilla sense cuticular strain, and hair plates sense when a joint is in a particular
position. Input from these structures is important in controlling both the timing and
magnitude of locomotor activity on a cycle by cycle basis (reviewed in [29]).
Sensory input facilitates coordination between legs. Stimulation of the chordo-
tonal organ in one leg has been shown to result in flexor and retractor motor neuron
activity in the ipsilateral leg, suggesting that sensory information can be key to driv-
ing motor coupling [30, 31]. In a deafferented preparation, no such intersegmental
coupling is observed [31]. In addition to modulating coordination, proprioceptive
feedback tightens the transitions between stance and swing phases of the walking
cycle. When load sensors indicate that the leg is on the ground, and joint position
sensors suggest the leg is in a posterior position, the cycle is shifted from stance to
swing phase (reviewed in [29, 32–34]). In Drosophila, work from our lab and oth-
ers has shown that proprioceptive feedback is similarly important in regulating the
period of the swing-stance cycle [8, 35].
Functionally, it is thought that this modulation is essential for generating pre-
cise walking, especially in the face of unpredictable or challenging terrain. While
denervation of cutaneous nerves innervating the hindfeet does not prevent cats from
producing a normal locomotor pattern, they are deficient in precision tasks, such as
walking on rungs of a horizontal ladder. Similarly, denervated animals were also defi-
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cient in walking on a tilted treadmill. Additionally, sensory innervation was found to
be essential for recovering locomotor behavior following spinal cord injury in mam-
mals, and has even been implicated in recovery from loss of a leg in insects [36,
37]. All of these observations suggest that sensory information can be particularly
important in modulating animals’ responses to challenging environments.
While we have learned a lot from model systems like the stick insect about how
sensory signals modulate the action of motor CPGs, this is not the only mechanism
by which the output of these circuits is adjusted. Another key way is through the
action of a broad class of substances termed “neuromodulators”.
1.3 Neuromodulation of CPGs
The designator neuromodulator encompasses a huge diversity of substances, ranging
from biogenic amines to peptides to small molecules such as ATP.  Each of these sub-
stances has unique and diverse effects on downstream circuitry, altering the strength
of synaptic connections and the excitability of target cells (reviewed in [18, 24, 38–49].
The crustatean stomatogastric ganglion (STG) has been a key model system that
has furthered our understanding of how these substances modulate patterned mo-
tor output [18, 21–23, 50–54] (reviewed in [45]). The STG contains 30 neurons,
the connectivity of which has been highly characterized. This system controls the
movements of the foregut, and can produce two distinct patterns of rhythmic motor
output: the gastric mill and pyloric rhythms. Individual neurons within this circuit
show different patterns of activity depending on the type of rhythm produced. Addi-
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tionally, different arrays of circuit components can become coupled or uncoupled to
facilitate the shift between patterns.
The STG is innervated by 25 pairs of descending neurons that release modulatory
substances. When these processes are severed, the pyloric motor rhythm is shut
down. Application of a variety of individual modulators can restart the basic firing
rhythm, but each substance produces a slightly different pattern of motor output.
Thus, neuromodulators can both be essential to initiate rhythm generation, and also
adjust its properties. Modulatory substances have also been implicated in the switch
from the pyloric rhythm to the slower gastric mill and cardiac rhythms. Finally,
modulation can actually change the composition of the STG circuit, joining multiple
distinct elements to form a new circuit organization.
1.3.1 General principles of neuromodulation
From work in the STG and other highly modulated systems, several principles have
emerged about the role modulation plays in circuit function. A common theme that
runs throughout the neuromodulator literature is that of diversity: diversity of sub-
stances, diversity of actions, and diversity of targets.
1) Neuromodulation acts to modify circuit activity: All circuits are likely modu-
lated to a certain extent, and it appears that modulation is often required to get any
circuit output at all. Action of these substances on individual circuit components
has been shown to modify ion currents through altering the gating of ion channels
and the production of particular channels at the level of gene expression. These
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effects alter the excitability of particular neurons, making them more or less likely
to be recruited to the circuit. At the level of synaptic connections between circuit
members, modulators have been shown to modify both pre- and post-synaptic events
to shape connectivity. In addition to modifying synaptic strengths, modulators have
been shown to modify short term synaptic dynamics. These effects can occur on both
immediate and longer time scales, resulting in a huge array of potential modulatory
effects (reviewed in [48]).
2) Single modulators have diverse effects: Additionally, each of these neuromod-
ulatory substances has a diverse array of effects on different types of downstream
cells – dramatically expanding the role of one substance in the regulation of circuit
activity. A single modulatory substance can usually signal through several receptors,
each of which stimulates distinct second messenger systems which themselves affect
both cellular properties and gene expression. In this way, modulators can have both
short and long term effects on neuronal activity. Additionally, a single modulation
can have opposing actions on a circuit, or even on a single cell, to provide checks and
avoid overmodulation (reviewed in [40]).
3) Neuromodulation often acts at multiple circuit levels: From sensory input to
pattern generating interneurons, to motor output, modulation regulates all levels
of motor circuitry. As sensory systems are themselves key modulators of motor
activity, it is not surprising that neuromodulatory substances can act to alter the
weight, sensitivity, and range of sensory structures and coding. Additionally, exten-
sive work has shown direct modulation of central pattern generating motor circuits.
And modulation of motor neuron excitability, neuromuscular junctions, and even
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muscles themselves can alter motor output. In this way, modulators holistically alter
circuit function from input to output (reviewed in [40, 45, 47], see Figure 1.1).
Considering the huge array of effects that neuromodulators can have on circuit
functioning, it is a daunting task to tease apart how circuits are modulated in their
totality in all but the simplest organisms. To address this problem, much work has
begun by focusing on the specific role of individual modulatory systems in particular
motor behaviors. In this project, I have taken this approach, trying to understand
the role of serotonin in walking in the fruit fly Drosophila melanogaster.
1.4 Walking as a model motor circuit
Locomotor behaviors are a canonical and highly relevant model of a CPG in action.
Central pattern generating circuits located in the spinal cord (in the case of verte-
brates) or in the ventral nerve cord (in insects) have been shown to be sufficient to
propagate a rhythmic locomotor pattern in the absence of sensory or descending in-
put [5, 8, 17, 18, 55]. Ultimately, these circuits act on motor neurons that innervate
the periphery to drive the alternating contraction of flexors and extensors required
to generate coordinated walking.
1.4.1 Drosophila locomotor circuits
While the pattern generating circuitry responsible for walking in Drosophila has not
yet been fully identified, we currently believe that this circuitry operates much as it
does in similar legged insects such as the stick insect and cockroach [34]. The CPG
7
Figure 1.1: Neuromodulators act at many levels of motor circuits. Figure taken fromMarder
2012 [45].
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responsible for locomotion is believed to reside in the ventral nerve cord (VNC), a
central nervous system structure in the thorax analogous to the mammalian spinal
cord [55, 56]. The VNC consists of three thoracic neuromeres (T1, T2, and T3), each
of which corresponds to one pair of the six adult legs. Additional VNC structures
provide innervation of the abdomen, wing, and haltere [57]. Each leg hemi-neuromere
is thought to contain the CPG circuitry required for the movement of one of the
adult legs. These circuits drive activity in 50 motor neurons per hemisegment, which
innervate the 14 muscles that effect movements of the four segments of the adult leg
[58, 59]. These muscles make up complementary pairs of depressors and redactors
(like flexors and extensors) for each of the leg’s four independently moveable joints [59]
and must be recruited in an opposing way to generate coordinated joint movement.
In addition to coordination of multiple joints within each individual leg, the central
pattern circuitry in each neuromere must communicate with each other to produce
coordinated walking gaits [8, 56, 60–62] (Figure 1.2)
1.4.2 Locomotor patterns must be flexible
This basic locomotor pattern must be flexible, producing diverse patterns that gen-
erate forwards and backwards walking, as well as slow versus fast locomotion [8, 62,
63]. Indeed, one reason for insects’ tremendous success on our planet in their almost
unlimited ability to adapt their behavior to a variety of challenges. Studies of insects
have shown that they modulate walking kinematics to shift speed, walk upside down
and up a wall, deal with changes in load, navigate complex terrain, cross gaps, and
9












Figure 1.2: VNC motor circuitry in Drosophila. The ventral nerve cord (VNC) is located in
the thorax and is composed to three thoracic neuromeres that contain leg motor circuitry.
Each of these neuromeres contains motor neurons that innervate the adult leg, and receives
sensory input. Central pattern generating circuits (CPGs) are thought to control the action
of each leg, and interaction between these circuits is likely responsible for coordination of
walking gaits.
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even recover from the loss of a leg [8, 37, 64–67]. As the same muscles are usually
recruited in all these behaviors, shifts in the circuit output are required to adjust
timing and duration of motor activity.
A key example of the recruitment of neuromuscular systems in different patterns
is the generation of multiple walking gaits [68–70]. Gait transitions are characterized
by a change in the phase and frequency of leg movements. Distinct gaits are used
to adapt locomotor behavior for the requirements of a particular speed. In humans,
slow locomotion is accomplished by a walking gait, whereas a running gait is used at
faster speeds. Quadrupeds also show multiple gaits - including walk, trot, and gallop
- each of which is suited to a particular speed. Even insects have been shown to use
multiple walking gaits, ranging from the very slow metachronic wave gait (five legged
gait), to the slightly faster tetrapod (four legged gait), to the fast tripod gait (three
legged gait). However, while quadruped gaits are distinct, insect gaits have been
found to exist on a continuum, and animals gradually transition from one to another
[8, 33, 62, 71–74]. In insects, changes in gaits are driven by changes is the phasic
relationships between contralateral and ipsilateral pairs of legs. While Drosophila
generally primarily walk using the faster tripod gait [8, 61, 62], slow gaits appear to
be particularly important when animals are exposed to challenging contexts, such as
walking on an inverted surface [64].
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1.4.3 Neuromodulators facilitate locomotor flexibility
Walking adaptation in both insects and vertebrates has been closely tied to neuro-
modulatory systems [75–77] reviewed in [18, 78–80]. While a diverse array of neuro-
modulators including dopamine, octopamine, noradrenaline, and a variety of peptides
are known to act on locomotor systems, a diverse literature points towards serotonin
as a key modulator of walking [81–84]. In our own initial experiments activating
neurons belonging to various neuromodulatory systems, we have found that only ac-
tivation of ventral nerve cord serotonergic neurons impacts animals’ walking speed
(Figure 1.3). While these experiments do not rule out a role for other neuromodula-
tory systems in the regulation of walking - indeed, these systems have been heavily
implicated in the literature as key to Drosophila walking modulation [55, 62, 85–89] -
they do suggest that serotonin may play a key role in regulating speed at the level of
the ventral nerve cord motor circuity, and for this reason we have focused our work
on this system.
1.5 Serotonin and locomotion
Serotonin is a monoamine derived from the amino acid tryptophan. Even the earliest
work on serotonin suggested a function in motor systems. Originally discovered in
intestinal enterochromaffin cells, enteramine (as it was then named) was shown to
induce the contraction of smooth muscle. Around the same time, what would become
known to be the same substance was isolated as a potent vasoconstrictor and named



















ATR- ATR+ ATR+ATR- ATR+ATR- ATR+ATR-
Control Serotonin Dopamine Octopamine/Tyramine
Figure 1.3: The effect of neuromodulatory systems on walking speed. Optogenetic activa-
tion of serotonergic (Trh) neurons in the Drosophila ventral nerve cord, but not dopamin-
ergic (TH) or octopaminergic/tyraminergic (Tdc2) neurons, slows walking bout speed com-
pared to all-trans-retinal (ATR) negative and background-matched (w1118) controls.
Since its discovery, serotonin has consistently been implicated in the initiation
and modulation of motor behaviors including locomotion in both vertebrates and
invertebrates. Early studies involving the administration of the serotonin precursors
5-HTP and L-tryptophan to a variety of mammals showed that these substances
can induce a stereotyped pattern of motor behaviors [91]. Injecting serotonin into
the adult Drosophila abdomen has also been shown to increase locomotor activity
[92]. Other early work showed that the activity of serotonergic neurons in the cat
brainstem is correlated with, and in fact often precedes, motor behavior [93, 94].
These results suggested that serotonin was a key modulator of walking and might
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serve as an instructive locomotor signal.
In some systems, evidence suggests that serotonin can initiate locomotor behavior.
Exogenous application studies have shown that serotonin can stimulate a coordinated
locomotor pattern in an ex vivo preparation of the neonatal rat spinal cord, and elec-
trical stimulation of serotonergic neurons in the brainstem of an in vitro spinal cord
preparation produces coordinated locomotor activity [84, 95–98]. Work in decapi-
tated adult Drosophila has shown that serotonin, along with other neuromodulators,
is sufficient to induce walking and hind limb grooming when applied directly to the
ventral nerve cord [55]. While serotonin has been shown to be sufficient to produce
locomotor activity, in most systems (with the exception of the mollusk Tritonia [38,
99–101]) it is not strictly required to produce coordinated motor outputs. For exam-
ple, developmental ablation of all central nervous system serotonergic neurons does
not prevent mice from being able to engage in coordinated walking [102].
In addition to being able to stimulate locomotor rhythms, serotonin has also been
shown to modulate the rate, rhythm, and amplitude of motor circuit output. As ac-
tivity in serotonergic neurons in the cat brainstem has been shown to correlate with
walking speed [103], it is not surprising that one of its key roles is modulating pattern
rate. However, this modulation is complex, as serotonin appears to have distinct roles
in different organisms. Exogenous serotonin applied to the spinal cord increases loco-
motion speed in certain organisms, including zebrafish larvae and xenopus. However,
in other organisms, such as the lamprey and mouse, serotonin induces an increase in
the cycle period, slowing locomotor rhythms (reviewed in [104]).
Serotonin has also been implicated in mediating coordination, though the data
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here is similarly contradictory. Exogenous application of serotonin has been shown to
increase interlimb coordination [105], but preventing serotonergic reuptake following
stimulation of brainstem serotonergic neurons in an ex vivo preparation actually does
the opposite, and weakens coordination [106].
Finally, there is evidence that serotonin affects not only the rate and coordination
of motor rhythms, but also their amplitude. In cats, injection of serotonergic agonists
was shown to increase the amplitude of muscle contraction in the hindlimb [107]. In
humans, increasing the concentration of serotonin can affect the amplitude of motor
output, increasing the force that people use during voluntary motor tasks [108].
The ability of serotonin to initiate and modulate locomotor activity has made it
a focus of work to develop ways to recover locomotion after spinal cord injury. Re-
growth of serotonergic innervation to affected spinal regions has been associated with
improved locomotor functioning in mice following spinal cord injury [109]. Exogenous
application of the serotonin precursor 5-HTP [110] or agonists for specific serotoner-
gic receptors has also shown to facilitate locomotion following injury in rats, as has
transplantation of embryonic serotonergic neurons into the spinal cord in rats and
primates [111–113]. However, the promise of these treatments has not yet reached
the clinic, suggesting that more work is required to better dissect how serotonin acts
on the locomotor system [114].
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1.5.1 How serotonin acts on motor systems
One of the explanations for how serotonin can produce a diversity of effects on motor
systems is its action on a broad array of specific receptors. In mammals, there are
seven families of serotonergic receptor (1-7), most of which are of the G-protein-
coupled class. A subset of these receptors signal through Gs proteins – stimulating
the downstream release of cAMP – whereas other receptors have the opposite effect.
In addition to those stimulating second messenger signaling cascades, one receptor
(5-HT3) is a ligand gated ion channel, producing faster effects on cellular physiology
(reviewed in [115]). These receptor families are highly conserved in insect species
(reviewed in [116–119]). In Drosophila, there are five serotonergic receptors that can
be divided into three groups homologous with vertebrate 5-HT1 5-HT2 and 5-HT7
families (reviewed in [117, 119]).
In the mammalian spinal cord, serotoninergic receptors are expressed on sensory,
motor, and interneuron populations, consistent with the model that this modulatory
system affects walking at all levels of circuit processing. However, specific serotonergic
receptors are expressed differentially within these populations. For example, 5-HT1
receptors appear more commonly in the dorsal horn, the site of incoming sensory
information, whereas 5-HT2 receptors are more prevalent on motor neurons [120–
122]. This differential expression suggests that particular receptors may play distinct
roles in the regulation of motor systems (reviewed in [122, 123]).
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Serotonergic effect on potential CPG components
While CPG circuits have not been definitively identified in mammals, serotonin does
target a diversity of spinal interneurons, which are thought to be the primary com-
ponents of the CPG. Studies using selective agonist and antagonists have provided
evidence for the role of 5-HT1 and 5-HT2 receptors, in addition to 5-HT7, in the
production and modulation of locomotor rhythms by serotonin (reviewed in [122]).
Blockade of each of these receptor classes in an in vitro preparation of the neonatal
rat spinal cord produced disorganization in induced fictive locomotor patterns [105].
5-HT7 in particular has been found to be associated with the rhythm generating
function of serotonin, as low doses of antagonists increase cycle frequency and dis-
organize the locomotor pattern in an in vitro spinal cord preparation. In contrast,
5-HT2A reduces the amplitude of motor patterns but does not change the frequency
[97].
Serotonergic effect on motor neurons
While motor neurons have long been thought of as simply the effector of the motor
system, recent work has made it clear that they are themselves subject to dynamic
modulation. Serotonergic action on motor neurons creates shifts in firing threshold,
and generates persistent inward currents (PICs), which amplify and prolong the effects
of synaptic input onto these motor neurons. This can serve to make particular motor
neurons more excitable, and thus more susceptible to activation (reviewed in [124,
125]).
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Serotonergic effect on sensory input
In their original study of the activity of serotonergic neurons during behaviors in
the cat, Jacobs and Fornal hypothesized that the action of serotonin might suppress
incoming sensory information to facilitate a period of increased motor output [94]. In
an in vitro preparation of the rat spinal cord, serotonin was in fact shown to reduce
neuronal responses to incoming sensory afferents [122]. These results were replicated
by selective activation of receptors of the 5-HT1 family. However, these receptors
are likely not the only way serotonin mediates sensory information, as addition of
serotonin produced stronger depression in the context of 5-HT1 blockade. 5-HT7
receptors seem to play the opposite role, facilitating incoming sensory information
when stimulated. Interestingly, application of 5-HT1 antagonists in the absence of
additional serotonergic stimulation produces facilitating of sensory information, sug-
gesting that there is tonic serotonergic signaling acting on these pathways.
1.6 Why study serotonergic modulation in
Drosophila?
While extensive work has been done to understand the role of serotonin in locomotion,
a more sophisticated understanding of how this substance affects locomotor circuits
is required. Most of the studies performed in mammals thus far have focused on
exogenous application of serotonin. While these studies have been highly informative,
we need to add to them an understanding of how endogenous serotonin modulates
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walking during both normal and adaptive walking behavior.
Drosophila are an excellent model system to begin to address this question. Like
vertebrates, these model organisms display complex multi-jointed locomotion and
a range of adaptive motor behaviors. A number of methods have recently been
developed to analyze in detail both high resolution locomotor kinematics as well as
larger scale patterns of walking behavior [64, 126–129]. In addition to sophisticated
behavioral readouts, a battery of genetic tools are available to modulate the activity
of genetically distinct neuronal subsets [130–136]. Together, the broad array of tools
available for studying both behavior and circuitry in this system will allow us to build
a broader understanding how endogenous serotonin modulates walking behavior.
1.7 Goals of this work
In this thesis work, I aim to establish the adult Drosophila melanogaster locomotor
circuit as a model for studying serotonergic modulation of walking. In the following
chapters, I will describe our work to:
1) Characterize the anatomy of the serotonergic neurons that innervate the
Drosophila adult ventral nerve cord in order to identify parallels to vertebrate and
other invertebrate modulatory systems. In addition to characterizing the whole pop-
ulation of VNC innervating serotonergic cells I also performed a single cells analysis
to characterize anatomical subsets of cells within this population.
2) Dissect the behavioral role of endogenous serotonin in modulating walking
behavior, and the contexts under which this system is recruited. To accomplish this,
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I used optogenetic and other cell activity modifying tools to activate and inactivate
ventral nerve cord serotonergic neurons under a range of conditions including shifts
in temperature, light, orientation, nutrition, and novel olfactory and mechanosensory
stimuli.
3) Identify targets of the serotonergic system in the VNC based on receptor ex-
pression, and begin to dissect the role of specific receptors in walking behavior. To
do this I used protein trap Gal4 lines, receptor mutant animals, and RNAi lines to
characterize and remove individual receptors. In addition, I built a toolbox of alleles





In the mammalian spinal cord, serotonergic fibers that originate in the brainstem
densely innervate areas of motor, sensory, and interneuron processing [137]. The aim
of this study was to determine whether the serotonergic system in the Drosophila adult
ventral nerve cord (VNC) is similarly organized, and whether we can use anatomical
approaches to gain insight into how this system might regulate walking behavior.
The VNC neuropil is currently thought to be the major seat of the circuitry re-
sponsible for coordinated motor output in Drosophila, as decapitated animals can
still perform coordinated leg motor behaviors, such as walking and hindlimb groom-
ing [55]. Anatomically, the VNC is the location of motor neurons, whose dendrites
span the neuropil and axons exit the cord to synapse onto muscles in the leg. Sen-
sory processes from the leg enter the VNC by these same fiber tracts, and arborize
in the ventral and medial neuropil. Finally, an extensive array of uncharacterized
interneurons provides local connectivity within the cord itself (Figure 2.1A).
The anatomy of the serotonergic system in the Drosophila adult CNS was origi-
nally characterized by Vallès and White in 1988. Using antibodies against serotonin
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(5-HT), they identified the serotonergic cell bodies in the brain and VNC. The fibers
of these neurons were found to innervate brain regions such as the ellipsoid body of
the central complex, in addition to areas related to vision. There are also a number
of serotonergic neurons in the VNC itself. The thoracic neuropil was found to be
densely innervated by serotonergic processes, but it was not clear from which cells
(brain or VNC) these originate [138].
Since those early studies, genetic tools have been developed to selectively label
serotonergic neurons. To identify whether the serotonergic system might directly
regulate VNC motor circuits, we used a Gal4 driver under the control of the regulatory
sequence for the enzyme tryptophan hydroxylase (Trh), a key synthetic enzyme in
the synthesis of 5-HT [139].
2.2 Results
2.2.1 Serotonergic innervation of the VNC is derived
primarily from local interneurons
We observe serotonergic innervation of the VNC leg neuropils at all thoracic levels,
as was seen by Valles and White [138] (Figure 2.1 B and B’). This finding suggests
that there is likely direct modulation of locomotor circuits by serotonin in the VNC.
However, we find no evidence of fibers leaving the VNC, suggesting serotonergic
neurons do not directly innervate the leg itself, unlike what has been shown with
other insect modulatory systems [140]. Thus, we believe serotonin to act primarily
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Figure 2.1: Anatomy of Serotonergic system in the Drosophila CNS. A) The adult
Drosophila CNS is composed of the brain and the ventral nerve cord (VNC). The VNC
is localized in the thorax of the adult fly. It consists of three thoracic neuropils (T1, T2 and
T3), each of which corresponds to a pair of adult legs, and an abdominal ganglion. Each of
the thoracic neuropils contains the projections of key motor circuit components, including
motor neurons, and sensory neurons that convey both mechanosensory and proprioceptive
information (shown here schematized in cross section). B) Maximum intensity projections
show that Trh-Gal4 drives expression of UAS-mCD8::GFP in both the brain and the VNC.
B’) A cross section through the VNC shows that these neurons densely innervate the T1
leg neuropil. C and C’) Restriction of Trh-Gal4 to the VNC, using tub>gal80> ; tsh LexA,
LexAop Flp, shows that innervation of the neuropil is maintained in the absence of brain
expression. D and D’) Restriction of Trh-Gal4 to the brain, using tsh-Gal80, shows that
brain neurons do not provide innervation to the VNC neuropils, but instead send processes
that run along the dorsal aspect of the VNC. All scale bars are 50 um.
on central components of motor circuitry.
To determine the source of the serotonergic processes innervating the VNC, we
used an intersectional genetic strategy to limit expression of the Trh-Gal4 line to
either cell bodies in the brain or to the VNC and subesophageal ganglion. In this
way, we have determined that leg neuropil innervation is primarily derived from local
VNC neurons (Figure 2.1 C, C’, D, D’). This is in contrast to mammalian systems,
where serotonergic innervation is primarily descending [137]. However, this feature
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of the serotonergic system in Drosophila allows us to isolate local modulation and
assess its behavioral role independent from modulation of higher brain regions.
The serotonergic neurons in the ventral nerve cord can be divided by their gan-
glionic location. There are a small number of neurons located in the thoracic ganglia
(T1, T2, and T3), and many more present in the abdominal ganglion. We hypothe-
size (and will provide evidence, see Section 2.2.3) that the primary cells innervating
the thoracic neuropil are those located in the thoracic ganglia. These neurons are all
located on the ventro-medial surface of the VNC.
2.2.2 Validating Driver and Intersectional tools
To confirm that the VNC cells labeled by Trh-Gal4 are in fact serotonergic, we per-
formed an immunostain for 5-HT in animals where Trh-Gal4 was driving a fluorescent
reporter selectively in the VNC (Figure 2.2 E). This experiment showed that our in-
tersection strategy effectively limits expression of Trh-Gal4 to the VNC (Figure 2.2
A), the majority of cells that we are targeting in the VNC are in fact serotonergic
(Figure 2.2 B and C), and we are targeting the majority of VNC serotonergic cells
(Figure 2.2 B and D). The overlap with 5-HT is most robust in the thoracic ganglia,
which each have small numbers of Gal4 labeled cells. In the abdomen however, there
appears to be less faithful overlap between Gal4 and 5-HT labels.
While it has long been assumed that individual neurons only released one par-
ticular type of neurotransmitter, recent work continues to uncover examples of co-
transmission (reviewed in [141–143]). To determine whether serotonergic neurons
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in the VNC are co-transmitting, we performed immunostainings for markers of five
other systems: tyrosine hydroxylase (dopamine, Figure 2.2 F), tyrosine decarboxylase
2 (octopamine, Figure 2.2 G), GABA (Figure 2.2 H), cholineacetyltransferase (acetyl-
choline, Figure 2.2 I), and the vesicular glutamate transporter (glutamate, Figure 2.2
J). We do not see expression of any of these markers in Trh-Gal4 positive thoracic
VNC neurons (Figure 2.2 F’-J’), suggesting that these neurons primarily transmit
5-HT (Figure 2.2 E’). Abdominal neurons were challenging to assess, as many of
these stainings showed high background.
We have focused here on the most broadly expressed neurotransmitter families.
However, there are a diversity of other modulatory substances, particularly neuropep-
tides, that we did not assay, and thus we cannot completely rule out co-transmission.
However, we feel confident that these neurons are not secreting classical excitatory
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Figure 2.2: Validation of Trh-Gal4. A) Intersection with tub>gal80>; tsh LexA, lexAop
Flp reliably limits expression of Trh-Gal4 driven UAS-mVenus to the VNC. The number of
mVenus positive cells was quantified in the brain and the VNC (N>5). B) Quantification
of the overlap between Trh-Gal4 restricted to the VNC and serotonin (5-HT) immunostain.
The number of co-localized, mVenus only, and 5-HT only cells was quantified separately
for T1/T2 and T3/Abdomen (N=9). C-D) Trh-Gal4 has limited ectopic expression and
effectively labels the majority of serotonergic neurons in the VNC. The average percent of
C) mVenus cells that co-localized with 5-HT, and D) 5-HT positive cells that also express
mVenus is shown for the T1/T2 and T3/Abdominal regions (N=9). E-J) Thoracic Trh-Gal4
labeled neurons do not co-transmit other neurotransmitters. Maximum intensity projections
of brain and VNCs of animals where the expression of Trh-Gal4 was restricted to the
VNC. Samples were co-stained for E) 5-HT, F) tyrosine hydroxylase (TH), G) Tyrosine
decarboxylase 2 (Tdc2), H) GABA, I) Cholineacetyltransferase (ChAT), and J) the vesicular
glutamate transporter (VGlut). White dotted boxes indicate regions that are shown in E’-
J’. E’-J’) Examples of mVenus label thoracic neurons and neurotransmitter immunostains.
Projections of 10-20 image sections show Trh-Gal4 labeled neurons – dotted white outline
– E’) do express 5-HT, but do not express F’) TH, G’) Tdc2, H’) GABA, I’) ChAT, and J’)
VGlut. Scale bars represent 20 um.
2.2.3 Single cell analysis of VNC serotonergic neuron
morphology
In mammals, the serotonergic neurons that target the spinal cord can be divided by
innervation pattern into a number of groups, some of which innervate motor areas,
some of which innervate sensory areas (reviewed in [124]). To see if serotonergic inner-
vation of the VNC is similarly partitioned, we used the “multicolor flip out” stochastic
single cell labeling technique to characterize each of the serotonergic neurons that in-
nervates the thoracic ganglion [144]. As we had hypothesized, the innervation of leg
neuropil regions derives from neurons located in the thoracic ganglia itself, and not
in the abdominal ganglia. In this experiment, the processes of abdominal cells were
only ever observed to be contained within the abdominal ganglion (see examples in
Figure 2.3 C-K).
Based on the localization of their cell bodies in the thoracic ganglion, we can
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classify VNC serotonergic neurons into three groups: Group A (corresponding to cell
bodies localized near T1), Group B (T2), and Group C (T3) (Figure 2.3 A). Each
group is made up of two pairs of bilaterally symmetrical neurons. The processes
of each of these neurons innervate both ipsilaterally and contralaterally, and also
span multiple thoracic segments. The broad intersegemental innervation pattern of
these individual cells suggests that they may be important in synchronizing activity
between leg motor systems which reside in distinct neuropils.
Looking closer at specific pairs, we find that some pairs appear to be symmetric,
with both neurons having indistinguishable morphology – for example, cells A1/A1’
and B2/B2’ (Figure 2.3 B and G) were unable to be distinguished in this analysis.
Other pairs, however, are highly asymmetric – for example A2/A2’ and C2/C2’ (Fig-
ure 2.3 C,D,J and K). These differences in anatomical structure may suggest that
these pairs of cells play distinct roles in walking modulation.
Of all the neurons surveyed in this study, only one pair – A2 and A2’ – has
processes that exited VNC neuropil (Figure 2.3 C and D). While these neurons densely
innervate T1 and send processes into T2, they also send a single ascending process
through the cervical connective to the brain. Unfortunately, we have not yet been able
to resolve the targeting of this process in the brain, as it is very faint and thus hard
to visualize. But we can hypothesize that these neurons are involved in conveying
information to higher processing regions about the state of VNC leg motor circuits.
It is difficult to gain insight into the potential targets of these neurons by mor-
phology alone. Some (particularly A1/A1’) do appear to innervate the neuropil in
a pattern reminiscent of the distribution of incoming sensory projections (Figure 2.3
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B). However, other neurons seem to innervate the entirety of a particular neuropil,

















VNC 5HT Neuron Groups A1/A1’
B1’ B2/B2’ C1 C1’ C2 C2’
A2 A2’ B1
A B C D E
F G H I J K
Figure 2.3: Morphology of single VNC serotonergic neurons. A) Thoracic serotonergic
neurons can be divided into three groups based on location - boxed in white and shown as
insets. Group A neurons are located in the T1 region and contain pairs A1/A1’ and A2/A2’.
Group B neurons are located in the T2 region and contain pairs B1/B1’ and B2/B2’. Group
C neurons are located in the T3 region and contain pairs C1/C1’ and C2/C2’ prime. B-
K) Maximum projections show the morphology of individual thoracic serotonergic neurons
(cell bodies outlined in green) labeled with the ”multicolor flip out” technique. Abdominal
neurons (cell bodies outlined in red) appear to be contained to the abdomen, whereas
thoracic-located neurons innervate the thoracic neuropil. Scale bars represent 50 um.
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2.2.4 Dissecting polarity of VNC serotonergic neurons
The thoracic serotonergic neurons we have classified show extensive innervation of
the VNC neuropil. But whether these neurites represent input or output sites, or
even make any synaptic contacts at all, is unclear. Understanding how input and
output is anatomically segregated in these neurons may provide us with clues to how
these cells are integrated into locomotor circuitry.
To visualize pre-synaptic sites in these neurons, we drove expression of a tagged
version of the synaptic protein Bruchpilot (brp) in subsets of thoracic serotonergic
neurons [145]. While it was technically challenging to isolate single cells, the exam-
ples we observed showed brp positive sites across all neurites, suggesting that these
cells do not have strictly segregated input/output polarity, but instead have a broad
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brp.short-mCherry
Trh>GFP
Figure 2.4: Synaptic sites on single serotonergic neurons. A and D) Maximum projections
show sparse labeling of VNC serotonergic neurons. Dotted boxes show single neurons
that were further characterized for synaptic localization. Cell bodies are labeled in green.
B and E) Maximum projections color coded by depth from ventral to dorsal. A GFP
membrane marker shows the morphology of each cell. Synaptic sites are labeled with brp-
short-mCherry. GFP and mCherry signal were masked to exclude labeling that was outside
the boundaries of the neuronal membrane. Depth color coded images show that synapses
are localized throughout the entirety of the neuron. Regions outlined in white represent
those shown in C and F. C and F) In a small section of each individual cell, projections
of a subset of sections show individual neurites. As in B and E, both GFP and mCherry
channels were masked to show only show labeling within the boundaries of the neuron.
Synapses are seen as mCherry labelled puncta that fall along these neurites – covering all
processes. Brp immunostaining (in blue) shows the morphology of the rest of the neuropil.
Scale bars represent 20 um
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2.3 Discussion
A thorough anatomical characterization of serotonergic neurons that innervate the
adult VNC shows that: 1) these neurons are located within the VNC itself, 2) their
processes innervate the entirety of the thoracic neuropils and the abdominal ganglion,
3) innervation of the leg neuropil regions is primarily derived from six pairs of thoracic
neurons, two in each segment, 4) each pair of these neurons has a unique morphology,
though all project intersegmentally to both ipsi and contralateral neuropils, and 5)
synaptic output sites are not localized to a particular region of these neurons but are
rather broadly distributed across all neurites.
Extrinsic versus instrinsic neuromodulation
This characterization provides clues to the role that these systems may be playing in
the circuits of the VNC. The dense innervation of the VNC by serotonergic processes
suggest that the circuitry in this area is likely heavily modulated. The fact that
individual cells often span segmental and midline boundaries supports a role for
serotonin in synchronizing activity of the various separate motor circuits thought to
control each leg.
Unlike in mammalian systems, where neuromodulatory tone is primarily derived
from descending neurons, in the case of Drosophila it appears that the serotonergic
system providing input to the VNC is primarily local. Thus, the question arises
whether these neurons serve as “intrinsic” or “extrinsic” modulators of VNC circuitry.
In his seminal description of neuromodulatory systems 1995, Paul Katz describes
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the distinction between intrinsic and extrinsic modulation as whether modulatory
neurons are part of the circuit they are modulating, or rather serve as an external
drive on the circuit [99]. Examples of both types of modulation have been identified,
and each plays a slightly different role in altering circuit output.
Intrinsic
The most classic example of intrinsic modulation is that of the Tritonia swimming
circuit, which is subject to essential serotonergic modulation. Serotonergic neurons
make up a crucial component of the central pattern generator (CPG) that generates
the swimming movement; when serotonergic signaling is blocked with the antagonist
methysergide, the swim motor program is abolished. In addition to Tritonia, mod-
ulatory neurons also make up key components of the snail respiratory and feeding
CPGs. These neurons often co-release modulatory substances along with canonical
excitatory and inhibitory transmitters, allowing them to serve dual roles as both
essential circuit components and modulators [99].
Extrinsic
In contrast, extrinsic modulation acts on circuit components from an independent
source. The classical examples of this type of modulation are the stomatogastric
ganglion, where modulatory tone is provided by neurons from other regions of the
nervous system. Extrinsic modulators are characterized by their ability to act at
many separate levels of the motor system. In gastropod molluscs, for example, ex-
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trinsic serotonergic cells play a role in modulating, but not producing, the feeding and
locomotor rhythms. The activity of these neurons during feeding is tonic, and likely
affects many muscles simultaneously, illustrating the principle of extrinsic modulation
of a variety of circuit components [99].
Drosophila VNC serotonergic system: extrinsic or intrinsic?
Our initial anatomical characterization of serotonergic neurons in the VNC does not
definitively categorize this system as either intrinsic or extrinsic, but does provide
some support for both potential roles.
The fact that these neurons are localized within the VNC could suggest that they
might be intrinsic components of VNC circuitry, unlike what is observed in other
organisms where this type of modulatory tone is provided from neurons residing in
other brain regions. However, the serotonergic neurons that we describe here do not
co-transmit a canonical excitatory or inhibitory neurotransmitter, suggesting that
their role is primarily modulatory, perhaps arguing for a more extrinsic model of
action. Additionally, the broad distribution of synaptic release sites may suggest
that these neurons are broadly targeting motor circuitry at various levels, which is
more reminiscent of extrinsic modulatory systems.
At the moment, it is impossible to say whether these neurons serve as true intrinsic
or extrinsic modulators, since the circuitry underlying locomotor patterns in the VNC
has not yet been dissected. However, thus far evidence seems weighted toward an
extrinsic model.
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Diversity of cellular morphologies suggests a diversity of
actions
Together, serotonergic neurons in the VNC appear to innervate the entire VNC neu-
ropil. Based on this observation, one could perhaps hypothesize that the serotonergic
system acts as a unit to diffusely modulate motor circuitry at various levels. Under
this model, single serotonergic neurons might themselves be broadly innervating, or
alternatively, single cells might tile the entire neuropil to make sure all areas receive
equal modulation. However, our single cell analysis has revealed that particular pairs
of thoracic serotonergic neurons have highly stereotyped and specific morphologies,
suggesting that each may play a distinct and unique function in the motor circuit.
Additionally, as each of these neurons appears to have a huge array of potential
output sites, individual neurons may also be able to modulate targets selectively,
providing yet another layer of complexity to modulation of locomotor circuits.
In the next chapter, we will take a behavioral approach to further dissect the role




Table 2.1: Fly Stocks
Line Source Reference
+ ; + ; Trh-Gal4 BL 38389 [139]
+ ; UAS-mCD8::GFP ; + BL
tub>gal80> ; tsh-LexA, LexAop-Flp ; + Marta Zlatic Kristin Scott
+ ; tsh-Gal80; + Julie Simpson
+ ; + ; UAS-csChrimson::mVenus BL 55136 [136]
MCFO1 Gerry Rubin [144]
tub>gal80>; + ; + BL 38879
+ ; UAS-brp-short-mCherry ; + Gaia Tavosanis [145]
+ ; + ; 20XUAS-hexameric-GFP Steve Stowers [146]
hs-Flp ; + ; + Gary Struhl
Table 2.2: Fly Lines and Associated Figures
Experimental Line Figure
UAS-mCD8::GFP// ; Trh-Gal4// Figure 2.1B
and B’




UAS-mCD8::GFP / tsh-Gal80 ; Trh-Gal4/+ Figure 2.1D
and D’
tub>gal80>/+ ; tsh-LexA, LexAop-Flp/+ ;
UAS-csChrimson::mVenus / Trh-Gal4
Figure 2.2
MCFO1 / Trh-Gal4 Figure 2.3B-K




Brains and VNCs of adult females were dissected, and fixed in 4% Paraformaldehyde
(PFA) for 20 minutes. Samples were washed five times for 20 minutes in phosphate
buffered saline with .3% Triton (PBST) with .1% Bovine serum albumin (BSA), and
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then blocked in PBST-BSA for one hour at room temperature or overnight at 4° C.
Samples were incubated with primary antibody (see Table 2.3) diluted in PBST-BSA
overnight at 4° C, and washed five times with PBST-BSA the next day. Brains were
incubated in secondary antibody (see Table 2.4) diluted in PBST-BSA overnight at
4° C. The next day, samples were washed five times for 20 minutes in PBST, and
then the liquid was replaced with Vectashield and samples were incubated overnight
prior to mounting. Brains and VNCs from the same animals were mounted together,
one pair per slide, with the ventral surface of the VNC and the anterior surface of
the brain facing up.








Brp m 1:100 DHSB Figure 2.1
5-HT rb 1:1000 Sigma Figure 2.2A-D, E and
E’
TH m 1:1000 Immunostar Figure 2.2F and F’
ChAT m 1:500 DHSB Figure 2.2I and I’
GABA rb 1:1000 Sigma Figure 2.2H and H’
Tdc2 rb 1:200 Cova Labs Figure 2.2G and G’
Vglut rb 1:10,000 Aaron
DiAntonio
Figure 2.2J and J’
HA r 1:100 Roche Figure 2.3
FLAG m 1:300 Sigma Figure 2.3
V5 rb 1:100 Millipore Figure 2.3
GFP ch 1:1000 Abcam Figure 2.4
dsRed rb 1:1000 Clontech Figure 2.4
Table 2.4: Secondary Antibodies
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Secondary Animal Concentration Source
Alexa 488 r 1:500 Invitrogen
Alex 488 ch 1:500 Jackson Immunolabs
Alexa 555 rb 1:500 Invitrogen
Alexa 647 m 1:500 Invitrogen
2.4.3 Imaging
Mounted brains and VNCs were imaged on a Leica TCS SP5 confocal. Sections
were taken at 1 mm increments throughout the entire tissue, except for experiments
visualizing synapses, where slices were taken at .6 mm. Images were taken with a
20X oil objective at a resolution of 1024 x 512 pixels, and at a scanning rate of 200 Hz
and 3x averaging. Laser power and detector gain were maintained constant for the
brain and VNC of the same animals, but were adjusted for optimal signal between
animals.
2.4.4 Quantification
Images were analyzed in Fiji. For quantification of the number of cells driven by
Trh-Gal4 in the brain and VNC, mVenus positive and 5-HT positive cell bodies were
counted from 5 or more individual animals. Neurons in the T1/T2 region were quan-
tified separately from those in T3/Abdomen.
2.4.5 Stochastic labeling experiments
For MCFO experiments, animals were heatshocked at the mid-pupal stage for between
8 and 10 minutes at 37 degrees. A few days after eclosion, adults were dissected,
stained, and imaged as previously described in Section 2.4.2. Image processing was
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done in Fiji. As channels often contained multiple neurons, and neurons were often
overlapping between channel, channel subtraction was used to isolate images of single
neurons.
For synaptic labeling, mid-pupal animals were heatshocked between 5 and 9 min-
utes at 37 degrees. A few days after eclosion, adults were dissected, stained, and
imaged as described above. Image processing was done in Fiji. A macro written by
Luke Hammond in the ZMBBI imaging core was used to mask images in the pat-
tern of the neuron’s morphology using the GFP channel. This was done to exclude
staining of the synaptic marker that did not overlap with the skeleton of the neuron




The role of VNC serotonergic neurons in modulating
baseline walking
3.1 Introduction
As in vertebrate systems, serotonergic signaling has been clearly implicated in the
modulation of walking in Drosophila. Previous studies manipulating serotonin or
serotonergic neurons in vivo in this model system suggest that a lack of serotonin
increases locomotor activity in adults [87, 147, 148]. In contrast, activation of all
serotonergic neurons reduces locomotor activity and speed [148, 149]. Interestingly,
in the larva, which relies on a peristaltic as opposed to a limbed locomotor pattern,
inactivation of serotonergic neurons has not been shown to affect peristaltic locomotor
behavior [150, 151], and this system is also not sufficient to rescue the locomotor speed
defects caused by loss of all biogenic amine systems [85]. However, serotonin does
appear to be involved in mediating more complex larval behaviors such as turning
[152].
In the adult fly, serotonin’s effect on walking, and in particular walking speed,
is partially due to its actions in the Drosophila brain, as activation of subsets of
brain serotonergic neurons are sufficient to induce this locomotor phenotype [148].
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However, it is unlikely that these central brain neurons serve as direct modulators of
the motor circuitry at the level of the ventral nerve cord (VNC), and activation of
brain serotonergic neurons have only been shown to be important for modulation of
particular behaviors (such as courtship, as opposed to feeding) [148]. For this reason,
we wanted to assess the role that direct serotonergic input onto the motor system
plays in locomotor behavior by isolating the neuronal population that innervate the
VNC neuropil.
In Chapter 2, we described a population of serotonergic interneurons in the VNC
that anatomically appear likely to directly modulate walking circuits. In this section
we will dissect the role of these neurons play in the modulation of baseline walking
behavior, which we define as free walking under neutral behavioral conditions - i.e.,
without added stimulation.
3.1.1 Techniques for altering neuronal activity in vivo
In recent years, a wide array of genetic tools have been developed to manipulate neu-
ronal activity in vivo, both in vertebrates and invertebrates (reviewed in [153, 154]).
Optogenetics in particular has come to the forefront as a key activity manipulation
tool. This system relies on the fast kinetics of the response of opsins to light to open
and close either cationic or anionic channels, thereby activating or inactivating the
neurons in which those channels are expressed. A required co-factor of these opsins
is the protein all-trans-retinal (ATR). Unlike mammals, Drosophila do not naturally
produce large amounts of this protein. Thus supplementing the diet of some animals
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with ATR and depriving others of it provides ideal internal controls for these types
of experiments [155, 156].
Until recently, however, use of optogenetics was limited in the Drosophila adult,
as the blue and green wavelengths that traditionally were used to excite optogenetic
opsins do not penetrate the adult cuticle very efficiently [157]. To mitigate this
limitation, the transgene Cs-Chrimson was developed, which uses a red-shifted opsin
to induce channel opening [136]. In addition to facilitating cuticular penetration, red
light also induces less of a stimulus-dependent behavioral response than green or blue
light [157].
3.1.2 Dual behavior assays
In Drosophila, activity modulation tools can be combined with the Gal4 UAS system
to dissect circuit functions at a fine anatomical and temporal scale (reviewed in [158]).
These tools can be combined with novel high throughput assays to dissect behavior
at increasingly sophisticated levels [126, 127, 159, 160].
To analyze the role of serotonergic modulation in walking, we have taken dual
behavioral approaches. To get a large scale picture of how serotonin affects walking
behavior, we have constructed (in collaboration with Michael Dickinson’s lab at Cal-
tech) an arena system like that described in [126, 161]. This system will provide us
with a wide-angle picture of how much animals are walking, how fast, and how much
they engage in behaviors like turning.
In combination, we will also use a system developed in our lab, called the Fly-
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walker, to assay walking kinematics at high resolution [8]. This system relies on
the principle of frustrated total internal reflection to label each footprint the animal
makes as it walks across a glass surface. Footprints are then tracked by software
developed by Imre Bartos in the Columbia Department of Physics.
In this chapter, we will use optogenetic and constitutive activity modulation tools,
combined with these two approaches to build a holistic picture of how the VNC
serotonergic system modulates walking.
3.2 Results
3.2.1 Activation of VNC serotonergic neurons slows walking
speed
To determine whether local serotonergic neurons in the ventral nerve cord are suffi-
cient to modulate walking, we drove expression of the optogenetic tool CsChrimson
in these cells (genetic strategy described in Chapter 2), allowing us to conditionally
activate them in response to a red light stimulus. We analyzed behavior in an arena,
and calculated a diverse array of parameters related to walking (including walking
frequency, speed, and angular velocity), and other behaviors flies perform in the arena
such as jumps.
Activation of serotonergic VNC neurons results in a strong decrease in overall
velocity, and walking velocity in particular (Figure 3.1 A and B, p<.0001 for ATR by
Genotype interaction by Two-way ANOVA). However, serotonergic activation does
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not change the overall amount of time animals spend walking, suggesting that speed
changes are not simply due to a decrease in general arousal (Figure 1A , p=.09 for
ATR by Genotype interaction by Two way ANOVA). This overall decrease in speed
is representative of highly specific speed shifts away from faster to slower walking
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Figure 3.1: Caption continued on following page.
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Figure 3.1: Activation of VNC serotonergic neurons slows walking speed. A) Heatmap of
behavioral changes induced by serotonergic activation in the VNC. Each column represents
one animal, and each row one parameter that was assayed in our study. The color shows
the Z-score of the behavioral change from light off to light on periods, normalized to the
mean of the w1118>csChrimson ATR- population. N=130 per condition. Boxed in dark
purple are parameters where Trh > csChrimson ATR+ animals behave significantly differ-
ently than all control groups. Light purple boxes show where Trh > csChrimson ATR+
animals behave significantly different from ATR- controls, but not all others. Significance
calculated by Two-way ANOVA with Tukey-kramer correction for multiple comparisons.
B) Serotonergic activation in the VNC slows walking speed. The change in median walking
speed between light on and light off periods is shown for each individual assayed. N=130
per condition. Groups were compared using a Two-way ANOVA with Tukey-kramer cor-
rection for multiple comparisons. *** p<.001. C) Serotonergic activation shifts walking
speed distributions. The difference between the distribution of light on and light off walk-
ing speeds was calculated for each individual. Plotted is the smoothed average for each
population, with the shaded area showing the standard deviation. N=130 per condition.
D) Time course of median population walking speed. For each animal, the median walking
velocity was determined for each 10 second bin of the recording period. The median of all
animals of the same genotype is plotted with 95% confidence intervals. Predicted behav-
ioral habituation of the experimental group was calculated by linear regression of behavior
during the light off period (purple line with dotted lines showing 95% confidence intervals).
E and F) Snapshot of the E) first and F) last five seconds of the light on period, with the
median population speed sampled at 30 frames per second.
To further explore the temporal dynamics of how activation of VNC serotonergic
neurons impacts walking speed, we looked at the median walking velocity of all flies
over time. Recording intervals were broken into 10 second bins, and the median
walking velocity of each individual was calculated for each bin. The median velocity
of the whole population was then taken and plotted over time. Interestingly, we
found that ATR has a strong effect on baseline walking speed, with animals who had
been fed on ATR walking overall faster than flies that had not, even in the dark.
Therefore, we used w1118 animals that had been fed on ATR as our controls for this
analysis (Figure 3.1 D).
When we look at the time course of walking velocity, we see that activation of VNC
serotonergic neurons by red light results in an immediate and long-lasting slowing of
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walking speed (Figure 3.1 D). Not only do these animals fail to increase speed in
response to the light stimulus, as controls do, but they also walk more slowly than
we would predict if we extrapolate behavioral habituation from the light off period
( 3.1 D, purple lines, dotted line shows 95% confidence interval). This result suggests
that animals are not simply insensitive to the light stimulus, but are indeed setting
their walking rate to a lower velocity.
To get better temporal resolution (though at the expense of increased variance), we
looked at behavior on as fast a time scale as our recording would allow: 30 Hz. Both
control and experimental animals show a brief response to the onset of the optogenetic
light, briefly slowing their walking speed. The extent of this response is the same in
both groups, again suggesting that experimental animals are still able to respond
to red light stimulus. The rate of behavioral recovery after this initial startle period
appears to be similar between genotypes as well. However, experimental animals reset
their behavior to a slower average speed than controls within two to three seconds
(Figure 3.1 E), and maintain this slower speed over the course of the five minute light
on period (Figure 3.1 F).
More subtle phenotypes were also observed, including a decrease in the absolute
angular velocity of these animals, suggesting that they walk straighter than con-
trols. Additionally, we observe an increase in the number of walking bouts, and a
corresponding decrease in the average length of these bouts. However, while the
number of stop bouts was also increased in our analysis, the length of these bouts
was only significantly increased in comparison to w1118 controls, but not compared to
Trh>csChrimson ATR- (Figure 3.1 A, stop bout data is not shown in heatmap due
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to outlier values skewing z-score calculations).
Previous studies analyzing the effect of serotonin on locomotor behaviors have
shown that upregulation of this system in the entire CNS causes flies to move
away from the arena edge, a shift which has been interpreted as indicative of sero-
tonin’s anxiolytic properties [162]. In our experiments, we do see a significant dif-
ference in arena distribution between experimental animals fed with and without
ATR, but believe that this difference is mainly due to change in the ATR- ani-
mals’ behavior, as ATR+ animals display the same behavior patterns as ATR- and
ATR+ controls (Trh>csChrimson ATR+ v ATR- p=.0017, Trh>csChrimson ATR+
v w1118>csChrimson ATR+ p=.489, Trh>csChrimson ATR+ v w1118>csChrimson
ATR- p=.975 by Two-way ANOVA with Tukey-kramer multiple comparisons correc-
tion).
3.2.2 Activation of VNC serotonergic neurons puts animals
in a coordinated state of slow walking
Previous studies have shown that shifts in walking speed are associated with cor-
responding shifts in locomotor kinematics [8, 62]. To determine whether the slow
walking induced by serotonergic activation is consistent with these predicted kine-
matic changes, we analyzed walking patterns using the Flywalker behavioral assay
[8].
Activation of VNC serotonergic cells induces a coordinated slow walking pattern.
Representative traces of an individual’s footprints during a walking bout show that
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activation of serotonergic neurons in the VNC does not perturb consistent foot place-
ment, or disrupt the straightness of the stance phase (Figure 3.2 A and C). Step
patterns show that these animals are also using highly coordinated gaits, suggesting
interleg coordination is preserved as well (Figure 3.2 B and D).
In fact, activation of serotonergic neurons causes animals to be in some ways more
coordinated than controls; the standard deviation of footprint placement across each
walking bout, for example, is smaller for those with elevated serotonin than controls,
suggesting their behavior is more consistent over time (Figure 3.2 F – SD AEP p =
.009, SD PEP p = .001 in a multivariable regression analysis).
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Figure 3.2: Activation of VNC serotonergic neurons does not disrupt walking kinematics.
A) Representative footprint traces from one walking bout of a control (Trh>csChrimson
ATR-) animal on the Flywalker walking at 19.3 mm/s - a relatively slow speed. Circles
show the placement of the foot as it touches down after swing phase and lines show the
traces of the stance phase relative to the body center. B) Representative step and stance
plot from the same animal as A. Black boxes represent the leg in swing phase, white boxes
represent the leg in stance phase. C) Representative footprint traces from one walking bout
of an animal where serotonergic neurons have been activated in the VNC (Trh>csChrimson
ATR+). This animal is walking at a similar speed to the example shown in A (19.2 mm/s).
D) Representative step and stance plot from the same animal as C. E-I) Activation of
serotonergic VNC neurons shifts step parameters (frequency, swing velocity, step length,
swing duration, and stance duration) in a direction consistent with normal slow walking.
Each dot represents one walking bout of 5-6 steps. N = 47 bouts from >11 animals for
Trh>csChrimson ATR+. N=56 bouts from >11 animals for Trh>csChrimson ATR-. J)
Heatmap showing the results of a multivariable regression analysis to model the effect of
serotonergic activation on walking kinematics. Each box shows the P value for a each
model predictor for each kinematic parameter. Predictors include speed, gentoype, and
ATR state, as well as interaction effects. Gray boxes indicate that a particular parameter
was not included in the model. K) Heatmap showing the effect size derived from the same
multivariable regression analysis as in J. Each box shows Cohen’s f2 value for a particular
predictor for each parameter.
3.2.3 Shifts in walking kinematics are those that would be
predicted for slow walking
Most kinematic parameters are tightly linked to speed, shifting as animals walk faster
or slower. Activation of serotonergic neurons induces kinematic shifts that would be
predicted for slower speed. During slower walking, step cycle frequency decreases, as
animals lengthen their steps and slow the velocity of their swing phase. This shift
is accompanied by a shift in the step duty cycle, as stance duration increases while
swing duration remains largely unchanged [8].
These are the exact shifts that we see with activation of serotonergic neurons
(Figure 3.2 E-I). For each of the parameters that make up the composition of the
step cycle (including the velocity and duration of the swing phase, the length of
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Figure 3.3: Activation of VNC serotonergic neurons modulates gait selection. A, C, and E)
Schematics showing examples of a A) tripod, C) tetrapod, and E) wave gait. B,D,F, and
G) Scatter plot showing the relationship between speed and B) tripod index, D) tetrapod
index, F) wave index, and G) non canonical indices for each walking bout of control animals
(Trh > CsChrimson ATR-) and animals in which serotonergic neurons in the VNC have
been activated optogenetically (Trh > CsChrimson ATR+). See Methods for description
of each gait category.
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the step, and the duration of the stance phase), VNC serotonergic activation shifts
kinematics in a way that is consistent with the trend shown in our control population.
This results in a decrease in the frequency of the step cycle, which is thought to be
the primary driver of slow walking [35, 163].
To determine whether VNC serotonergic activation shifts kinematics above and
beyond its effect on speed, we generated a multivariable regression model that fit our
data based on speed, genotype, and ATR state. This analysis shows that activation of
these neurons (the genotype by ATR interaction effect) does cause significant shifts in
a number of behavioral parameters independent from its effect on speed (Figure 3.2
J). However, an analysis of effect size shows that these effects are relatively small
(Cohen’s f2 < .1), especially when compared to the effects of speed (Figure 3.2 K).
One key way in which animals alter behavior to fit the demands of a particular
walking speed is through the utilization of distinct gaits for fast and slow locomotion.
In Drosophila, the primary walking pattern is an alternating three legged tripod gait
(Figure 3.3 A). However, at slow speeds and under particular challenging conditions,
animals have also been observed to use other gaits such as the four legged tetrapod
gait and the five legged wave gait (Figure 3.3 C and E) [8, 61, 62, 64]. We assessed the
amount of time that animals spend performing each of these walking gaits, and com-
puted the tripod, tetrapod, wave, and non canonical gait frequency for each walking
bout. Consistent with its strong effect on walking speed, activation of serotonergic
neurons in the VNC resulted in significantly lower utilization of the tripod gait, and
an increase in the slower tetrapod and wave gaits (Figure 3.3 B, D, and F). Interest-
ingly, this was not accompanied by an increase in the number of transition (or non
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canonical) walking frames, suggesting that animals are still using highly coordinated
gait patterns (Figure 3.3 G).
In Drosophila, as in most insects, transitions between distinct gaits are not sharp,
but instead exist on a continuum. Activation of serotonergic VNC interneurons shifts
the parameters of this continuum, thus changing the slope of the speed-gait relation-
ship. This shift is particularly evident when looking at tripod and wave gait indices
(Figure 3.3 B and F).
3.2.4 VNC serotonergic neurons are required to modulate
baseline walking speed and activity
To dissect whether local serotonergic input is required to modulate walking, we drove
expression of the inward rectifying potassium channel Kir2.1 to tonically inactivate
VNC serotonergic neurons [164]. While in this paradigm neurons were inactivated
throughout development and adulthood, we did not see a change in numbers of sero-
tonergic neurons in the VNC, suggesting that development of the system is not dra-
matically disrupted by inactivation (Figure 3.4 A and B; One way ANOVA follow
by Tukey HSD correction for multiple comparisons shows no statistically significant
difference between genotypes in either T1/T2 or T3/Abdomen). We also validated
the overlap of our driver with serotonergic VNC cells, as was described in Chapter
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Figure 3.4: Caption continuted on following page
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Figure 3.4: Validation of Trh-Gal4 with Behavioral Tools. A) Serotonergic neurons
are not ablated by constitutive inactivation. Max projections of Trh-Gal4 driving
UAS-csChrimson::mVenus (N=9), UAS-Kir2.1::GFP (N=5) , and UAS-GtACR1::mVenus
(N=5) in the VNC. Samples were stained with anti-5-HT to visualize serotonergic neurons
in the VNC and brain. Scale bars represent 50 um. B) Counts of 5-HT neurons in the VNC
for each behavioral genotype. No significant difference between genotypes was found by
one way ANOVA with a Tukey HSD post hoc multiple comparisons correction. C-J) Quan-
tification of the co-localization of C-F) UAS-GtACR1::mVenus or G-J) UAS-Kir2.1::GFP
driven in the VNC by Trh-Gal4 with anti-5HT immunostaining. C and G) The number
of transgene expressing cells in the brain and VNC. D and H) Number of transgene only,
5-HT only, and co-localized cells in the T1/T2 or T3/Abodminal regions of the VNC. E
and I) The average percent of transgene expressing cells that also express 5-HT. F and J)
The average percent of 5-HT cells that also show transgene expression.
As expected, inhibition of VNC serotonergic neurons has the opposite effect to
activation. Walking speed is shifted faster, and angular velocity is increased, suggest-
ing these animals are turning more than controls (Figure 3.5 A, walking velocity p <
.0001 , Absolute angular velocity p<.0001 by Kruskal-Wallis test). However, unlike
activation, inhibition also increases the percent of time that animals spend walking
(walking frequency p<.0001). VNC serotonin is not strictly required for slowing down
and stopping, as animals without this system can perform these behaviors, but they
do so less often than controls. Interestingly, while the length of walking bouts in-
creases with inactivation of VNC serotonergic systems, the length of stop bouts does
not change significantly.
The shifts in velocity produced by either robust activation or tonic inhibition of
VNC serotonergic systems are symmetrical. In both cases, approximately 12 mm/s is
the boundary between velocities that are lost and gained due to serotonergic manip-
ulation (Figure 3.5B). This result suggests that serotonin may serve as a behavioral
switch to regulate walking velocity.
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Figure 3.5: Inactivation of VNC serotonergic neurons increases baseline walking speed. A)
Heat map of behavioral changes caused by constitutive inactivation of serotonergic neurons
in the VNC with UAS-Kir2.1. Each column represent an individual either control fly or
a fly in which serotonergic neurons in the VNC were inactivated. Each row represents a
parameter of walking assayed in our analysis over a five minute recording period. For each
animal for each parameter, a Z score was calculated to normalize the data to the control
population and standard deviation (X – control mean / control standard deviation). N=119
for each genotype. Boxed in dark purple are parameters where the behavior of Trh>Kir2.1
animals is significantly different from w1118>Kir2.1 by Kruskall-Wallis test. B) Velocity
shifts induced by optogenetic activation and constitutive inactivation are symmetrical. For
each experiment, a histogram of speed distributions was created for each animal over the
course of a five minute recording period (light on for optogenetic experiments). The dif-
ference in the median histogram (i.e., the change in incidence of a particular speed due to
activation or inhibition) was calculated between control (either w1118 > Kir2.1 or w1118 >
csChrimson ATR+) and experimental animals (either Trh > Kir2.1 or Trh > csChrimson
ATR+), and 95% confidence intervals were fit by bootstrapping.
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3.2.5 Optogeneic activation of VNC serotonergic neurons
does not show speed changes
Constitutive inactivation may not be fully representative of the way neuromodulatory
systems act on a moment by moment basis. The effects seen in these experiments
may be due to developmental disruption, or effects may be masked by compensation
from other modulatory systems.
Recently, an optogenetic anion channel has been developed to silence neurons in
the presence of green light: GtACR [165]. We used this system to perform optogenetic
silencing of VNC serotonergic neurons. Surprisingly, we did not observe any strong
changes in behavior with this tool (Figure 3.6 A). Most differences between our ATR+
and ATR- experimental groups appear to be due to behavioral change in the ATR-
population in response to light. Thus, this experiment does not allow us to make
many conclusions about the effect of immediate silencing.
We hypothesize that we are not seeing behavioral change with optogenetic inac-
tivation because the trigger for the inhibition (green light) is itself a strong stimulus.
Control animals walk faster in response to this stimulus, so we might imagine that the
serotonergic system is simply not utilized under this context to slow animals down.
If this were the case, inactivation in the context of green light would not have much
effect on an animal’s behavior.
To test this hypothesis, we again used Kir2.1 to tonically inactivate VNC seroton-
ergic neurons, and performed an experiment where we exposed animals to the same
light transitions we used for optogenetic silencing experiments. These experiments
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showed that the effect of serotonergic inactivation on walking speed is in fact mod-
ified by the light context (p<.0001 for Light and Genotype interaction effect in a
Two-Way ANOVA). Control animals showed a strong increase in velocity in response
to the onset of the green light stimulus (p<.0001 by Two way ANOVA followed by
Tukey-kramer correction for multiple comparisons). However, animals without sero-
tonergic signaling in the VNC did not increase their walking speed between light off
and light on periods (Figure 3.6 B, p=.58 by Two-way ANOVA followed by Tukey-
kramer correction for multiple comparisons). This observation suggests that optoge-
netic experiments with green light are likely not the most useful method to examine
serotonergic effects on walking.
3.3 Discussion
Our analysis of the role of the ventral nerve cord serotonergic system has shown that
1) activation of these neurons shifts animals into a coordinated state of slow walking
and 2) without this system, baseline speed is set faster. This role is consistent with
previous literature suggesting that serotonin can modulate both the initiation and
the character of locomotor rhythms.
Parallels to mammalian walking speed modulation
These results are particularly interesting in the context of a recent paper that has
observed similar effects with activation of the dorsal raphe nucleus, a key serotonergic
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p < .001 v w1118>Kir2.1 p < .05 v w1118>Kir2.1
Figure 3.6: Optogenetic inactivation of VNC serotonergic neurons. A) Heat map of behav-
ioral changes caused by optogenetic inactivation of serotonergic neurons in the VNC using
UAS-GtACR1. Each column represents an individual fly, and each row represents a pa-
rameter of arena walking. Behavior was assayed over a 5 minute light off and subsequent 5
minute light on recording period. The color shows the Z-score of the behavioral change from
light off to light on periods, normalized to the mean of the w1118 > GtACR1 ATR- popu-
lation. The Z score shows how many standard deviations above or below the control mean
a particular animal is behaving. This experiment shows that optogenetic activation does
not have the same effects on behavior as constitutive inactivation. N for Trh > GtACR1
ATR- = 119, otherwise N=120 for all conditions. Boxed in purple are parameters where the
behavior of Trh>GtACR ATR+ animals is significantly different from Trh>GtACR ATR-
by Two-way ANOVA with Tukey-kramer correction for multiple comparisons. B) Heatmap
of behavioral changes caused by green light stimulus in controls and animals where VNC
serotonergic neurons have been constitutively inactivated. The light protocol was the same
as for green optogenetic experiments. The color shows the Z-score of the behavioral change
from light off to light on periods, normalized to the mean of the w1118>Kir2.1 population.
Boxed in purple are parameters where the behavior of Trh>Kir2.1 animals is significantly
different from w1118>Kir2.1 by Two-way ANOVA with Tukey-kramer correction for multi-
ple comparisons. Figure continued on following page.
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Figure 3.6: C) Dotplot of the median walking velocity of controls and inactivated VNC
serotonergic animals during green light off and green light on periods. While control animals
increase walking speed in response to green light stimulus, animals without serotonergic
activity in the VNC do not. Additionally, the behavior of control animals during the green
light period is not significantly different from that of experimentals during the light off
period. Kruskal-Wallis test p<.001 ***, p<.01**, p<.05 *, p>.05 ns. N=129 per genotype.
structure produces rapid (within one second) suppression of spontaneous locomotion
and locomotor speed, while showing minimal effect on kinematic parameters, such as
gait, or on non-locomotor behaviors such as grooming.
To test whether the effects of raphe activation are due to the role of serotonin in
mediating reward and anxiogenic behavior, the authors also analyzed whether stim-
ulation induces a place preference. However, it does not, suggesting that the effects
are locomotion, not motivation, specific. This result is similar to our observation that
there is likely minimal effect on arena distribution with activation, unlike previous
studies that have seen serotonin modulate this anxiety-related behavior [162].
The phenotype described in Correira et al. and those found in our work are re-
markably similar, and it is tempting to conclude that they represent corollary mech-
anisms in mouse and Drosophila for speed modulation by serotonin. However, there
are a few key differences that complicate the parallels between these studies. In the
first place, the serotonergic system that Correira et al. are working on does not di-
rectly target motor areas. Instead, they are selectively focused on the serotonergic
circuit that innervates “higher order” forebrain cortical structures in the mouse, as
opposed to descending serotonergic processes. Additionally, they interpret the fact
that serotonin does not effect locomotor kinematics as evidence that it is acting to set
speed at a higher level. However, we hypothesize that the neurons we are targeting
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are instead a direct effector of speed selection and act on VNC circuitry to enact
their effects. The fact that serotonin serves to not only scale behavioral output to
accommodate slower speeds, but also can shift the speed - output relationship (as we
saw with particular gait indices), supports the idea that this modulatory system is
not simply a higher level regulator, but can also impact how the circuit reads a set
speed into a particular pattern of behavioral output. In future chapters, we will come
back to this idea as we attempt to identify targets that mediate the role of serotonin
in locomotor speed.
Serotonin as a modulator of contextually relevant speed
shifts
Walking at slow and fast speeds are two variations of locomotion that are both ideally
suited for their particular functions. Slow walking is often associated with exploratory
behavior, and allows animals to collect more information about their environment.
Fast walking behavior is used in contexts such as escape, to rapidly adjust to threat-
ening or novel stimuli. Our results showing that light context (either green light on
or off) can modulate the effect of serotonin suggest that the serotonergic system may
be acting in a context dependent way to regulate behavioral output. We will explore




Table 3.1: Fly Stocks
Line Source Reference
w1118 ; IIiso ; IIIiso BL 5905 [167]
+ ; + ; Trh-Gal4 BL 38389 [139]




Marta Zlatic Kristin Scott
+ ; + ;
UAS-csChrimson::mVenus
BL 55136 [136]
+ ; + ; UAS-GtACR1 Adam Claridge
Chang
[165]
+ ; + ; UAS-Kir2.1 BL 6595 [168]
Table 3.2: Fly Lines and Associated Figures
Experimental Line Figure








ttub>gal80>/w1118 ; tsh-LexA, LexAop-FLP/IIiso ;
UAS-CSChrimson/Trh-Gal4
Figure 3.2
tub>gal80>/w1118 ; tsh-LexA, LexAop-FLP/IIiso ;
UAS-GtACR1/IIIiso
Figure 3.6














Experiments were performed slightly differently for Flywalker and arena experiments,
as we worked to devise an optimized protocol. Differences are noted below.
3-4 crosses with 5-10 virgins each were set up for each line. Crosses were main-
tained at 25 °C and flipped every 2-3 days to prevent overcrowding. For Flywalker
experiments, crosses were maintained on a standard corn dextrose food and kept in
an incubator without a set light:dark cycle. For all arena experiments, flies were
maintained on Nutrifly German Sick food (Genessee Scientific 66-115) in an incuba-
tor humidified at 60% with a 12h:12h light:dark cycle. This food was used because
it can be made free from all-trans-retinal (ATR), a required co-factor for optogenetic
experiments.
As animals eclosed, females of the appropriate genotype were collected under CO2
anesthesia every 2-3 day. For non optogenetic experiments, flies were collected onto
Nutrifly Food without any additive. For optogenetic Flywalker experiments, flies
were collected onto Nutrifly food supplemented with either ATR dissolved in DMSO
at a final concentration of .4 mM or an equal concentration of DMSO alone. For
arena optogenetic experiments, ATR was instead dissolved in 95% EtOH, again to a
final concentration of .4 mM, as we have found over the course of our experiments
that EtOH is less toxic than DMSO. Animals were aged in the dark (for optogenetic





Our arena behavioral set-up was constructed with the assistance of Meredith Peter-
son, and Floris Van Bruegel and Irene Kim in Michael Dickinson’s lab at Caltech,
and was further optimized by Tanya Tabachnik and Rick Hormigo of the ZMBBI
Advanced Instrumentation Group. The skeleton of the system is built of 80-20 bars
and acrylic plates. The arena itself is designed to the specifications published in [161]
and machined out of polycarbonate. The polycarbonate plastic arena sits in an alu-
minum plate, which serves to maintain a level surface. The arena is covered with an
acrylic disc that has a small hole for mouth pipetting in flies. The inside of the lid
was coated in a thin layer of Fluon (Amazon, B00UJLH12A) to prevent flies from
walking on the ceiling.
A Point Grey Blackfly Mono USB3 camera fitted with a Tamron 1/2” F/1.2 IR
C-mount lens (B&H photo) was mounted above the arena and connected by USB 3
cable to a System 76 Leopard WS computer running Ubuntu 14.04 LTS. A Kodax
3x3” 89B Opaque IR filter (B&H photo) was placed in front of the camera detector
to allow for detection of IR but not visible light.
Backlighting and optogenetic stimulation was provided by a plate of LEDs that
sits under the arena. An acrylic diffuser was placed between the lighting plate and the
arena to create an even lighting of the array. Each plate has two color of LEDs – one
for IR backlighting and one for optogenetic stimulation. These plates were swapped
out for different color optogenetic experiments. Visible light LEDs were acquired
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from SupebrightLEDS.com (NFLS-x-LC2 in Green and Red). Infrared LEDs were
acquired from ledlightsworld.com (SMD3528-300). To allow for detection of the on
state of optogenetic lights, an additional IR light was added to the end of each of
these arrays, and placed within the field of view of the camera.
Each set of lights was powered separately by an Arduino driver designed and
constructed by Rick Hormigo of the ZMBBI Advanced Instrumentation Group. The
Arduino software allows for modulation of light intensity via Pulse Width Modulation
(PWM). Commands to set LED brightness and start and end experiments were sent to
this driver using a PuTTY terminal and USB serial interface. For all the experiments
described here, both IR and visible spectrum LEDs were set at 100% brightness. At
the center of the arena this corresponded to intensities of:
Table 3.3: Light Intensities
Light On Percent Intensity Wavelength Measured
Infrared 100
.13 mW 1050 nm
.08 mW 635 nm
.08 mW 535 nm
IR + Chrimson (Red) 100 .6 mW 635 nm
IR + GtACR (Green) 100 .5 mW 535 nm
IR + White 100 .62 mW 635 nm.68 mW 535 nm
Data Acquisition
All behavioral recordings were done during the three-hour morning activity peak.
Prior to the experiment, the arena was leveled, the lid cleaned, and a new layer of
Fluon applied.
For each experiment, videos were recorded of cohorts of 10 flies. Videos taken
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on multiple days were pooled to generate experimental Ns of 80-100. During each
recording session, flies were mouthpipetted into the arena through a small hole and
then the arena lid was slid to move the hole out of the field of view. A blackout
curtain cover was used to surround the arena, protecting it from any contaminating
light.
Experimental protocols were programmed into the Arduino through serial com-
munication via a PuTTY terminal, using software written by Rick Hormigo and
modified by me for the purposes of these experiments. For all experiments, IR lights
and optogenetic lights were set at maximum intensity. Optogenetic experiments con-
sisted of a five-minute light off block followed by a five-minute block of continuous
illumination.
Videos were recorded at a rate of 30 frames per second and stored in a compressed
“fly movie format” using custom software written by Andrew Straw at the University
of Freiberg [128].
Tracking
Videos were tracked using the Matlab based FlyTracker software from the Caltech
vision lab (Eyjolfsdottir et al. in [169]). Prior to tracking, pixel to mm conversion
was calibrated using the inbuilt GUI of the tracker software. One calibration file was
generated for all videos taken on the same day. Background model and thresholds
were adjusted to provide optimal recognition of animals and were not standardized
between recording sessions. If present, the state of an indicator light was annotated
by custom-written MATLAB software.
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Behavioral classifiers
Jump: Jumps were classified as frames where the velocity of the animal exceeded 50
mm/s.
Walk: Walking frames were defined using a dual threshold Schmitt trigger filter
(original script written by Irene Kim – Dickinson lab). Speed thresholds were set at
1 and 2.5 mm/s, and time thresholds were .1 s. Walking frames were also specified
to be those in which the fly was not already engaged in a jump.
Stop: Stop frames were classified as any frames where animals were not performing
walking or jumping behaviors.
Parameters
Walk Frequency: the percent of frames classified as walking during the recording
period.
Overall Velocity: the median of all velocities over the recording period.
Walking Velocity: the median of velocities during all frames when the animal is
classified as walking.
Maximum Walking Velocity: the maximum velocity an animal reaches during
walking.
Angular velocity: the median value of angular velocity. This parameter takes into
account directionality of turning.
Absolute Angular Velocity: the median of the absolute value of angular velocities.
This parameter does not take into account directionality of turning.
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Distance from Wall: the median distance from the closest point on the arena wall
during the recording period.
Walking bout number: bouts were defined as contiguous frames of walking (longer
than .1 s as specified in the walking classifier). The number of bouts was calculated
for the entire recording period.
Walking bout duration: the length of each bout was calculated, and the median
of all bout lengths was taken for each animal.
Stop bout number and duration: calculated as for walking bouts.
Jump Frequency: the percent of time that an animal spends in the jump state as
defined above.
Statistics
All analysis on data from arena experiments was performed in MATLAB using
custom-written scripts.
Optogenetic experiments: For each animal, the value of each parameter was defined
as the difference in that parameter between the light on and the light off period.
The effect of activation or inactivation was determined by a Two way ANOVA that
included Genotype, ATR, and ATR by Genotype interaction terms. Significance
between particular conditions was determined by a follow up Tukey-kramer multiple
comparisons test. Two way ANOVA was used due to the multivariable nature of the
experimental design. Due to concerns about the normality of our data, we confirmed
these results using Kruskal-Wallis followed by Dunn-Sidak correction, which yielded
the same results.
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Time courses: Data was either binned in increments of 10 seconds or each frame
was considered individually. Wider binning was used to reduce behavioral variability
and make long term temporal trends clearer. For each bin, a median walking speed
was calculated for each animal, and the median of all animals was calculated for each
genotype. 95% confidence intervals were fit to the median. To predict the habituation
of behavior based on light off data, the median population velocity during this period,
binned every 10 seconds, was fit to a linear trendline, which was extrapolated into
the light on period. 95% percent confidence intervals were calculated for this linear
fit.
Non-optogenetic Experiments: For each animal, the value of each parameter was
defined as described above for a five minute recording period. Genotypes were com-
pared Kruskall-Wallis (for non-normally distributed data) analysis.
Non-optogenetic Light Experiments: For each animal, the value of each parame-
ter was defined as described above for a five minute light off recording period and
separately for a light on recording period. Statistical significance was determined by
a Two way ANOVA that included Genotype, Light, and Light by Genotype interac-
tion terms. Significance between particular conditions was determined by a follow
up Tukey-kramer multiple comparisons test. Due to concerns about the normality
of our data, we confirmed these results using Kruskal-Wallis followed by Dunn-Sidak
correction, which yielded the same results.
Histogram differences and bootstrapping: To compare the change in velocity dis-
tribution for optogenetic experiments, we calculated the difference in the incidence
for a particular set of velocities between the light on and light off period for each in-
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dividual. From these we generated a population mean and standard deviation. The
data were smoothed using the a five point moving average. To compare changes in
velocity distribution without internal controls (i.e., for non optogenetic experiments),
we used bootstrapping to estimate the median difference between two genotypes and
fit a 95% confidence interval around this difference.
3.4.4 Flywalker Experiments
Hardware
The Flywalker was constructed by Cesar Mendes and Tanya Tabachnik as described in
[8] with modifications. The rig consists of a frame of 80/20 supporting a sheet of 6 mm
Borofloat optical glass with polished edges placed over an Andor Zyla 4.2 Magapixel
sCMOS camera with an AF Nikkor 24-85mm 1:2.8-4 D lens (Nikon) (Figure 3.7 A).
On each edge of the glass were placed four Luxeon Neutral White (4100K) Rebel LED
on a SinkPAD-II 10mm Square Base (230 lm @ 700mA) wired in series (Figure 3.7 B
and C). Each set of lights was driven by a dedicated 700mA, Externally Dimmable,
BuckPuck DC Driver (Luxeon), and all four of these drivers were connected to a
single power supply. Each driver was independently adjustable. This system was
constructed by Cesar Mendes.
Chambers were designed by Tanya Tabachnik and 3D printed by Protolabs as
shown in Figure 3.8. The ceiling and walls of the chamber were painted with Fluon
to prevent flies from walking on the ceiling. For the ceiling, Fluon was mixed with
India Ink to provide the darkest background possible. Small far-red LEDS were em-
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Optical Glass

















Figure 3.7: Schematic of Flywalker 2.0. A) Side view of the entire Flywalker apparatus,
which consists of a frame that holds a camera underneath a plate of optical glass flanked
by LEDs. B) Close-up view of optical glass housing array. C) Internal view of lighting
array. LEDs are attached to brass tubing and encircle piece of optical glass. For these
experiments, four LEDs were installed on each side of the glass. Schematics were generated
by Tanya Tabachnik.
bedded in the walls of the chamber for Chrimson optogenetic experiments (LXM3-
PD01 LUXEON). These lights were controlled by an Arduino driver constructed
and programmed by Rick Hormigo, which allowed for modulation of light brightness.
Commands were sent to this driver using a PuTTY terminal and USB serial inter-
face. For all the experiments described here, LEDs were set at 20% brightness. See
Figure 3.9 B for block diagram.
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Figure 3.9: Circuit Diagram for LED Drivers. A) Block circuit diagram of the driver for
Arena LEDs and Vibration motor array. Experiments discussed in this Chapter only used
the LED output components, but use of the Vibration array will be described in Chapter
4. B) Block circuit diagram of the driver for the Flywalker lighted optogenetic chamber.
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Data Acquisition
The Flywalker was calibrated using a calibration reticle prior to use on each day to
allow calculation of pixels per mm. Crosses were raised as described above. On the
day of the experiment, 2-5 day old females were mouthpipetted into a clean glass
tube and allowed to equilibrate for five minutes to get rid of as much dirt and food
as possible to prevent contamination of the glass surface. 2-3 flies were added to the
chamber by mouth pipette. Optogenetic lights were turned on, and the recording
session began immediately. >20 flies total were recorded for each genotype over >10
recording sessions.
Videos were recorded using the NIS Elements AR software. A constant region of
interest was defined such that the frame rate of recording was 226 fps. Each group
of animals was recorded for one minute. Videos were cut to select traces where flies
walked straight for >8 steps without other flies in the frame or touching the wall.
Tracking
Flywalker videos were automatically tracked using custom software written by Imre
Bartos as described in [8]. Tracking was then validated by eye and incorrect footprint
calls were corrected. Summary plots were then screened by eye for gross errors and




Behavioral parameters were calculated as described in [8]. Gait parameters were
defined as follows. Leg order in combination: LF RF LM RM LH RH. 1 indicates
the leg is in stance phase, 0 indicates the leg is in swing phase.
Table 3.4: Gait Definitions
Tripod Tetrapod Wave Non-
Canonical







Statistical analysis of Flywalker data was performed using custom scripts written in
MATLAB (by Imre Bartos) and R. For each trace, an average was calculated for
every parameter across three to five footprints per leg. A multivariable regression
model was then run on the data for every kinematic parameter. The formula for this
model was as follows:
y ∼ speed ∗Genotype ∗ ATR
This model was designed to analyze the effects of genotype and ATR while con-
trolling for speed, which is the largest contributor to behavioral shifts. To prevent
model overfitting, we selected our model based on Akaike information criterion using
the R step() package. Effect size (Cohen’s f2) was calculated as R2 / 1-R2, with
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R2 representing the percent of variance explained by a particular parameter in the
model.
3.4.5 Immunostaining and Confocal Imaging
Immunostaining and imaging was performed as described in Chapter 2.4.2 and 2.4.3.
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Chapter 4
The role of VNC serotonergic neurons in modulating
walking adaptation
4.1 Introduction
For organisms to properly navigate a complex environment, locomotion must be flex-
ible. Speed is one of the key ways that animals adjust to environmental or contextual
changes, and can be modulated to escape from predators, find food, and effectively ex-
plore a complicated environment. Insects in particular show a wide range of adaptive
locomotor behaviors, which may be one of the reasons for their tremendous success
in every habitat on the planet [78].
4.1.1 Animals shift speed to respond to environmental
stimuli
Work in Drosophila has shown that insects shift both speed and kinematics to adapt
their walking to changes in behavioral environment, including changes in orientation
and gravitational load. Walking speed slows significantly when animals are scaling a
wall, or walking upside down, compared to walking on a flat surface [64]. Similarly,
79
increasing the load that an animal must carry by gluing a small metal ball to its
back reduces walking speed dramatically [64]. These shifts in speed are associated
with shifts in kinematics that help adapt walking optimally to the challenges of a
new environment. For example, when animals are walking on an inverted surface
they preferentially use gaits that involve more legs on the substrate at a time, such
as wave gait, over the traditional tripod gait. In addition, they increase the speed of
their swing phase, to keep the time that legs are not in contact with the ground to a
minimum [64]. In addition to orientation and load, flies have been shown to adjust
walking speed in response to a wide range of sensory information, including heat [170]
and visual stimuli [171].
4.1.2 Animals shift speed in response to internal state
changes
In addition to responding to external stimuli, animals also shift their behavior in
response to changes in internal state. For example, in addition to promoting feeding
behavior, starvation also induces locomotor hyperactivity that is likely designed to
facilitate the search for food [172]. Interestingly, this hyperactivity in response to
starvation has been shown to be mediated by the neuromodulator octopamine, which
selectively affects locomotor, and not feeding, behavior in starved flies [89]. Addi-
tionally, serotonergic neurons in the brain have been implicated in conveying the
internal hunger state [173], suggesting the serotonergic system might also be involved
in mediating the response to internal state changes.
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4.1.3 Combination of internal states and external stimuli
produce even more behavioral flexibility
Not only do animals respond to external stimuli and internal states with shifts in
behavioral output, but these features can combine to produce still more subtle changes
is behavior. In other words, the context a particular stimulus is presented in can
determine the behavioral output. This phenomenon has been extensively studied in
the olfactory circuit of the Drosophila mushroom body.
Behavioral studies have shown that the novelty of an olfactory stimulus plays a
large role in determining an animal’s behavioral response. While the first presenta-
tion of a novel odor often produces a strong increase in locomotor activity, repeated
presentations of the exact same stimulus result in less dramatic behavioral changes.
Thus the combination of the stimulus itself, in addition to other salient features, such
as its novelty, are required to produce the behavioral result [174]. Neuromodulatory
systems have been shown to mediate the integration of stimuli and internal state.
Also in the mushroom body, dopaminergic input modulates the response to odors
depending on the experiential context and internal state of the animal [175].
While sensory input is clearly one essential factor responsible for modulating
walking behavior in response to context, numerous studies have shown that neuro-
modulatory systems also play a key role in mediating these behaviors (reviewed in
[49, 78, 80]). In this chapter, we will explore whether the VNC serotonergic system is
involved in shifting speed in response to the demands of a particular environmental
stimulus or internal state.
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4.2 Results
4.2.1 Serotonin is not strictly required to shift speed in
response to contextual information
In Chapter 3, we described the effect of stimulating or inhibiting the VNC serotonergic
population as animals freely walked in an arena, without external stimulation. In
this analysis, we saw that activation of VNC serotonergic neurons decreases walking
speed, whereas inactivation speeds animals up. In this chapter, we will begin to
dissect whether the VNC serotonergic system is recruited to modulate speed under
conditions where animals naturally need to slow down or speed up in response to
external stimuli.
To this end, we assessed the requirement for the VNC serotonergic system in the
modulation of walking under a variety of environments, including changes in heat,
orientation, and nutrition. Unexpectedly, serotonin does not appear to be required
for animals to adapt walking behavior to these conditions. Animals lacking serotonin
perform the same behavioral shifts as controls (Figure 4.1). All animals are able to
slow down in response to gravitational shifts or cooler temperatures, or to increase





























































































































































































































































































































































Figure 4.1: Inhibition of serotonergic neurons in the VNC does not prevent animals from
performing appropriate behavioral shifts in response to heat, starvation, and inversion.
Heatmaps show the Z score of each animal for each parameter compared to the mean of
the control group. Control groups are labeled in bold. Heat N=120-130 per genotype per
condition. Orientation N=90 per genotype, same animals recorded under both conditions.
Starvation N=86 per genotype per condition
4.2.2 Serotonin slows walking speed under the majority of
contexts assayed
However, under most of the contexts assayed, animals lacking serotonergic neuronal
activity in the VNC always walk faster than their control counterparts. Thus, while
animals can shift speed without the serotonergic system, this system appears to be
consistently used to suppress walking speed, at least over the contexts that we have
surveyed here (Figure 4.2, Kruskal-Wallis test with Dunn-Sidak multiple comparisons
correction). Even in contexts where there was no significant difference between the
two genotypes after comparison for multiple corrections, there is still a trend of ex-
perimental animals to walk faster than controls, which is significant in a pairwise
analysis, suggesting that an effect may be present but we are currently underpowered































Figure 4.2: Walking speed is elevated across contexts in animals lacking VNC seroton-
ergic signaling. Median walking velocity over five minutes is plotted for each individual,
with population median shown as a red box. Difference between genotypes was analyzed
separately for each contextual experiment by Kruskall-wallis with subsequent Dunn-Sidak
correction for multiple comparisons. N is the same as reported in Figure 4.1.
4.2.3 Serotonin mediates behavioral responses to sharp
light-dark transitions
We have already observed that lack of serotonin in the VNC can modulate an animal’s
response to light stimuli (see Chapter 3). To use a more physiologically relevant
type of light, we extended this analysis to look at responses to bright white light.
Comparing different populations of animals recorded for five minutes in an arena
that was either lighted or in the dark, light does not appear to strongly modify
baseline walking behavior. For median walking velocity, a Two-way ANOVA shows
main effects of genotype and light state, but no interaction effect (Genotype p<.001,
Light p<.05, Interaction p=.5). As we observed with other contexts, animals lacking
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VNC serotonin walked more quickly than controls in both dark and lighted conditions
(Figure 4.3 A).
However, we had originally observed that lack of serotonin makes individual an-
imals respond differently to light changes, so we performed an experiment where we
presented the same animal with a five minute period of dark followed by a five minute
period of light. In parallel, we performed the opposite experiment, where flies started
in the light and then experienced a dark period.
Sudden transition from light to dark makes control animals slow down briefly
and then gradually regain speed. As we might predict, animals lacking serotonergic
signaling in the VNC do not perform this slowing as effectively as controls (Figure 4.3
B). However, over time, control and experimental speeds begin to converge again.
This observation is consistent with our hypothesis that serotonin is required to slow
walking speed, and suggests that it might have a role in short term responses to light
stimuli, as opposed to mediating behavior after animals have equilibrated to their
new context.
However, switching the order of light blocks produces a surprisingly different phe-
notype. While the light stimulus causes control animals to increase speed slightly,
animals lacking serotonergic signaling in the VNC strangely slow their speed dra-
matically in response to this stimulus (Figure 4.3 C). This result is unexpected, as
our activation and inhibition experiments would thus far suggest that serotonin is
important in slowing animals down, not speeding them up. Additionally, in our ini-
tial experiment where flies started out with a period of light on, we do not observe
the same lower speed relative to controls (Figure 4.3 B). We can only speculate as
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to the explanation for this result, but we hypothesize that this is related to the fact
that we are testing animals during the light on time of their circadian cycle. Thus,
a prolonged period of dark might be unusual during this period, and thus disrupt
normal responses.
While they are challenging to interpret, these experiments suggest a few things:
1) Serotonin may be more important in the short-term response to stimuli, versus
the long term adaptation to a novel environment. Unlike in our previous experiments
looking at heat, starvation, and orientation, these light experiments allow us to tightly
regulate the timing of environmental change, allowing us to visualize these changes.
2) Context impacts how animals lacking serotonin respond to the same stimulus.
For example, these animals show dramatically different responses to light stimuli
when preceded by a period of dark.
4.2.4 Serotonin modulates behavioral response to a novel
environment
When flies are introduced to a novel environment, such as a behavioral arena, they
initially engage in a period of elevated activity thought to be an exploratory response
[176–179]. Serotonergic signaling appears to be most important during this early
phase of exploratory behavior. Initially, the difference between the median walking
speeds of controls and animals lacking serotonin in the VNC is relatively large, but
this gap narrows as flies acclimatize to the arena over five minutes (Figure 4.4 A and
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Figure 4.3: Serotonin is required to modulate response to light stimuli. A) Heatmap show-
ing the effect of inactivation of VNC serotonergic neurons in the dark and in the light.
Walking parameters were calculated over five minutes of either white light or darkness.
Z-score was calculated compared to the w1118> Kir2.1 dark condition. N=80 animals per
genotype and condition. B and C) Time course of population behavior in response to a light
stimulus (either B) light off then light on or C) the reverse). The median walking velocity
was calculated for each animal in each 10 second period of the behavioral assay. Median
population velocity for each of these bins was calculated for each genotype and is plotted
as the solid line. Shaded regions represent 95% confidence intervals. N= 130 animals per
genotype.
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during the response to a novel situation.
To explore whether this shift in speed corresponded with a shift in the exploratory
behavior of flies in our arena, we calculated the coverage – or the rate that flies explore
all edges of our arena (as described in [179]). To calculate this measure, we divided
the edge of the arena into 50 equal sections (Figure 4.4 C). By counting how many
of these edge sections an individual has visited at a particular point in time, we
can determine its rate of environmental exploration. Predictably, animals in which
serotonergic VNC neurons had been silenced explored their environment faster than
controls (Figure 4.4 D).
As inactivation of serotonergic neurons causes animals to walk faster, we hypoth-
esized that increased speed was the primary factor driving an increase in coverage
in these animals. We calculated the time it took animals to reach 50% coverage of
the arena (50% coverage was used because almost all animals reached this level of
coverage, whereas higher levels of coverage were only reached by a subset of animals).
For each of these animals, we calculated their median overall velocity for the time
before they reached this 50% coverage threshold. We then calculated the “predicted
time to coverage” for each of these animals, or the amount of time it would take for
them to cover half the arena perimeter if they were walking straight at their median
velocity (diagrammed in Figure 4.4 E). By comparing predicted and actual time to
coverage, we were able to determine whether any factor beyond speed was involved in
generating the actual time it took animals to cover the arena, and whether this was
different between genotypes. A Kruskal-Wallis test showed that there is no significant
difference between genotypes when time to coverage is normalized to predicted time
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based on speed (p=.86). This result suggests that the primary driver of increased
coverage due to inactivation of VNC serotonergic neurons are the velocity differences
seen between these groups. Interestingly, this analysis showed that all animals be-
haved closest to ”predicted” when they were walking faster, and as walking speed
slowed (and predicted time increased), actual behavior diverged more and more from
predicted (dotted line shows one to one correlation, Figure 4.4 F).
4.2.5 Serotonin is required on a fast time scale for
immediate responses to new contextual information
but not stimulus habituation
Our observations that serotonin appears to be required preferentially to respond at
the onset of behavioral stimuli suggests that this system may be required to respond to
novel environments or stimuli. We can define novelty in two ways. Classically, novelty
has been used to mean the periodic change in response to the same episodic stimulus
over multiple presentations. The canonical example of this is in odor habituation
[174]. However, the response of an animal at the level of an individual stimulus also
changes over time, which could be considered another response to the “novelty” of
that stimulus. To further probe the role of serotonin in these two types of novelty
responses, we used three classic mechanisms of novelty stimulation: novel odors, sharp
light-dark transitions, and mechanosensory disruption.
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Figure 4.4: Caption continued on following page.
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Figure 4.4: Lack of serotonin in the VNC affects exploratory behavior. A) Median walking
velocity was calculated for each animal in each 10 second period of the behavioral assay.
Median population velocity was calculated for each genotype. Shaded regions represent
95% confidence intervals. N=119 animals per genotype. B) The difference between median
population walking speeds at each 10 second bin, as well as 95% confidence intervals, were
calculated by bootstrapping. A second degree polynomial was fit to these data showing
trend over time R2 = .6481. C) Schematic of coverage paradigm. To calculate this measure,
the arena was divided into 50 equal sections around the exterior of the arena (dotted lines
and green shaded region). As an individual animal (purple trace) visits sections of the arena,
its “coverage” score increases. D) Inactivation of VNC serotonergic neurons allows animals
to achieve faster coverage of the arena exterior. Coverage was calculated as described in
methods. Lines represent mean coverage of each population, and shaded regions represent
95% confidence intervals. E) To control for the effect of walking speed, we calculated a
”predicted time to 50% coverage” which was the time it would take an animal walking at
its average speed to cover half of the arena walking straight around the edge (orange line).
This time was compared to the actual time to coverage calculated from actual behavioral
traces (purple trace). F) Plot of predicted time versus observed time to 50% coverage.
Dotted line shows the trend of a one to one correlation between these measures.
Odor
To assay responses to novel odors, we used a behavioral assay originally described
in [180], and generously shared with us by Anita Devineni in the Axel Lab. This
paradigm is similar to our arena assay, except the dimensions of the arena are slightly
different. Additionally, air is constantly being pumped in and vacuumed out of the
arena, allowing us to present odors in a temporally controlled manner.
Previous studies have shown that flies increase their walking activity in response
to a novel odor, and that this response habituates over multiple presentations [174].
We found the same behavior in controls, where animals became active in response
to the odor 3-octanol, particularly during the first presentation of this odor. While
animals without serotonergic signaling in the VNC always walk faster than controls,
they respond similarly to both novel and familiar pulses of odor (Figure 4.5 A B C
and D, Two-way ANOVA shows significant effect of genotype and pulse number, but
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no interaction effect).
Additionally, when we examine in detail the response of animals to the initial
odor pulse, we find that controls show a characteristic behavior where they pause
immediately upon odor detection, and then quickly regain baseline speed. From there,
activity increases to a peak near the end of the odor presentation period (Figure 4.5
E). Experimental animals show a similar pattern of behavior. They initially start
out faster than controls, drop their speed almost to control levels during the initial
response to odor (though not completely, the difference between the minima is still
significant p<.001 by Kruskal-Wallis analysis). The time it takes animals to rise back
to baseline was not found to be statistically significant in this assay, but there is a
trend suggesting that animals lacking serotonin in the VNC recover faster, which
could be potentially explored in further experiments (p=.057).
These findings suggest that serotonin in the VNC is not required for mediation
of the response to this particular odor stimulus, and does not mediate its novelty.
However, it may be involved in mediating fast adaptive responses to pulse onset.
Light
We have already shown that lack of serotonergic signaling in the VNC affects how
flies respond to light-dark transitions. To explore whether this effect is modulated by
repetition of this stimulus, we first allowed flies to habituate in the light in our arena,
and then presented them with one minute bouts of alternating dark and light stimuli.
As in our experiments described above, animals lacking serotonergic signaling in the
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Figure 4.5: Caption continued on following page.
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Figure 4.5: Lack of serotonin in the VNC does not affect olfactory responses or habituation.
A and B) Time course of behavior in response to multiple odor pulses. N=190 for each
genotype. Shaded regions shows 95% confidence interval. Either median population A)
overall velocity or B) walking velocity was calculated for every ten second period of the
recording session. Orange area is enlarged in panel E. C and D) Split histogram showing
the change in either C) overall velocity or D) walking velocity before and during odor
pulses (median velocities were taken over 30 second intervals). Significance between control
and experimental responses was calculated by Two way ANOVA followed by Tukey-kramer
correction for multiple comparisons. p>.05 ns * p<.05 **p<.01 ***p<.001. E) Close up of
area marked in orange in panel A. Median population overall velocity sampled at 30 Hz.
Shaded region shows 95% confidence interval. Metrics analyzed on an individual basis are
annotated.
switch from light to dark (Figure 4.6 A and B). A Two-way Anova analysis showed
that both genotype and pulse number have significant effects on behavior (p<.001),
but the interaction of these two variables is not significant, suggesting that genotype
does not modify how animals habituate to repeated pulses (p=.35).
Unlike in our initial experiment looking at dark to light transitions (see Figure 3.4
C), here we see more what we would expect – that control animals walk faster when
the light turns on and that this response is more limited in our experimental animals
lacking VNC serotonin (Figure 4.6 A and C). Responses to light stimuli attenuate
over repeated presentations for both genotypes (Two way ANOVA; Genotype p<.001,
Pulse p<.001, Interaction p=.89).
These results were most clear when looking at walking speed specifically. An
analysis of overall speeds (which includes stopped animals) shows much more noise
and less clear light responses (Figure 4.6 D-F). While a comparison of averages ve-
locity during light on and light off periods does not seem to show much difference
(Figure 4.6 E and F), the timecourse plot suggests that this might be because there
are more complex dynamics of behavioral response over these one minute periods
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that are being eclipsed by our binning.
To better understand these short time scale responses, we focused on the first
pulses of either light or dark. Looking at overall velocity, we observe that, similar
to olfactory stimuli, controls initiate a brief pause in response to a change from light
to dark (Figure 4.6 G). As we saw before, experimentals perform this behavior as
well. However, inactivation of VNC serotonergic neurons causes this initial dip to be
blunted (lowest speed p<.001, net drop p=.027 by Kruskal-Wallis test), and promotes
a faster recovery to initial behavioral speeds (p=.003). While experimental animals
rise to a higher maximum speed, their net change from their minimum speed during
this period is the same as controls (p=.12), and the time it takes animals to rise to
their maximum after having recovered from the initial phase of pausing is also the
same across genotypes (p=.57). These observations suggest that serotonin is most
important in mediating the initial second of behavioral response to sudden stimuli.
Transitions from dark to light appear to have a much less sharp temporal response,
with animals slowing down over a two second period and then gradually recovering
(Figure 4.6 H).
These experiments, combined with our other investigations of light responses in
the absence of serotonin in the VNC suggest that a complex interplay of modulation
and context converges to produce appropriate light-dependent changes in behavior.
Serotonin appears partially responsible for these changes, as animals whose VNC
serotonergic neurons have been inactivated do not respond as strongly to shifts in
light than controls. However, the context of light shifts, particularly whether they
follow a prolonged period of darkness, affects both how control animals behave and
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the role that serotonin plays in mediating this behavior.
Vibration
Both olfactory and visual responses are processed at many levels of the brain before
walking commands are sent to the ventral nerve cord. How these sensory circuits com-
municate information down to the motor system has not been completely mapped,
and it is thus difficult for us to hypothesize how serotonin might potentially be act-
ing to mediate this information and transform it into behavioral output. We thus
wanted to find a paradigm that was primarily contained within the VNC, where we
hypothesize serotonin is exerting its effect in our experiments.
Mechanical stimulation is a classic protocol used to induce a “startle” response
in flies [174, 181–183]. Surface vibration is detected by proprioceptive organs in the
fly legs, and this information is conveyed directly to interneurons within the VNC
[184–186].
By attaching small haptic motors to the aluminum plate in which our arena sits,
we were able to generate a startling mechanosensory stimulus. Both control flies and
experimental flies responded strongly to this stimulus, increasing both their overall
and walking speed dramatically during 10 second vibration pulses (Figure 4.7 A and
B). This response decays rapidly after the extinguishing of the pulse. Both genotypes
increased speed (both walking and overall) during the pulse to the same extent, and
lack of serotonin did not impact the way that animals habituated to pulses over time
(Figure 4.7 C and D, Two Way ANOVA Overall: Genotype - p=0.0762, Pulse number
- p=8.8801e-05, Interaction - p=0.5363, Walking only: Genotype - p=0.5623, Pulse
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Figure 4.6: Caption continued on the following page.
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Figure 4.6: Lack of serotonin in the VNC changes response to light but does not affect
habituation. A and D) Time course of median population A) walking or D) overall velocity
binned over 10 second intervals. Shaded region shows 95% confidence intervals. N=150 for
w1118>Kir2.1 N=139 for Trh>Kir2.1. Orange and purple highlighted regions are shown in
more detail in G and H. B-D) Changes in B and C) walking or E and F) overall velocity
with transitions from B and E) one minute of light to one minute of dark or C and F)
the reverse. Significance between control and experimental was calculated by Two way
ANOVA followed by Tukey-kramer correction for multiple comparisons. * p<.05 **p<.01
***p<.001 G and H) Median overall velocity sampled at 30 Hz at the transition between
light and dark (G) or dark and light (H). These regions are indicated in orange or purple
in the full timecourse shown in A). Shaded areas show 95% confidence intervals.
number - p=4.0859e-09, Interaction - p=0.6807).
As with light and odor, however, the time course of vibration response is altered
in animals lacking serotonin in the VNC (Figure 4.7 E). Onset of vibration stimulus
induces a brief pause in control animals. Interestingly, animals lacking serotonergic
signaling in the VNC take longer to reach their minimum faster than controls (p=.001
by Kruskal-Wallis analysis). Both groups have a similar net slow-down (p=.97),
though due to their higher initial speed, experimental animals do not reach as slow
a minimum as controls (p<.001). However, experimental animals immediately accel-
erate again, while controls stay in a paused state for a brief period of time (p=.002).
After this recovery, controls and experimental animals perform similarly, with the
time from recovery to peak velocity staying consistent between groups (p=.24). Peak
speed of experimentals is higher than controls, but the net change in velocity from
minimum to maximum is the same (p = .04 , p=.36).
Mechanical stimulation has been used in other contexts as a way to ”re-novelize”
a behavioral environment [174]. We were interested to see if this startling stimulus
would replicate our observations about habituation over time to our arena set-up
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(see Figure 4.4). Inactivation of serotonergic neurons in the VNC causes animals
to reach higher peak speeds in response to the vibration stimulus than controls.
However, over time, control and experimental speeds begin to converge, similar to
what we observed with the novel arena environment (Figure 4.7 F). Unlike our initial
observations, however, in this case we only observe a strong effect when looking at
overall speed, suggesting that animals are habituating by decreasing the amount of
time they spend walking, not their walking speed itself.
4.2.6 Summary
The VNC serotonergic system is clearly not strictly required for animals to engage
in slow walking, or to shift long term walking behavior to adapt walking to distinct
contexts. However, our results suggest that this system is used both in a context-
independent way to lower steady-state walking speed, and also to slow animals down
during the initial response to a sharp contextual transition.
4.3 Discussion
In this chapter, we have described our efforts to tease apart the diversity of roles that
the VNC serotonergic system plays in regulating how walking behaviors are adapted
in response to particular stimuli.
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Figure 4.7: A and B) Time course binned in 10 second intervals of median A) overall velocity
and B) walking velocity. Shaded region shows 95% confidence intervals. N=166 animals
for each genotype C) Time course of overall velocity sampled at 30 Hz. Shaded regions
represent 95% confidence intervals. Caption continued on following page.
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Figure 4.7: D) Starting at 2 seconds after vibration pulse onset (roughly coincident with
peak velocity), the difference between median population walking speeds at each .3 second
bin, as well as 95% confidence intervals, were calculated by bootstrapping. A second degree
polynomial was fit to these data showing trend of time R2 = .67
Serotonin as a stead-state walking modulator
We might have suspected based on the data described in Chapter 3 that serotonin is
used to shift walking speed slower under particular contexts that require this type of
behavioral switch. However, we found that, at least in the cases of cold temperatures
and changes in orientation, this system is not required to slow animals down. The
opposite seems true as well, that the serotonergic system is not silenced at faster
speeds, but continues to be used to slow animals down.
Thus, we believe that one key role for serotonin is as a ongoing modulator of
walking speed. Almost regardless of context, animals lacking serotonergic signaling
in the VNC walk faster than their control counterparts. An interesting exception is
very high temperatures (37 °C), suggesting that at this point animals have reached
a behavioral maximum where serotonin is no longer used to suppress walking. Com-
bined with our original data suggesting that activation of serotonergic neurons induces
stable shifts towards a slower baseline walking state, we might hypothesize that sero-
tonin is an ongoing signal, which interacts with other speed regulators that are more
context dependent to always slightly lower speed. In the next chapter, we will discuss
functional imaging evidence that at least some serotonergic neurons play this role of
omnipresent walking modulators.
What might be the use of this persistent slowing signal? In the first place, its
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very existence suggests that there might be a coordinate ”speeding up” signal, that
serves the opposite purpose. As behavior is constantly shifting, adjusting to differ-
ent behavioral contexts, the interplay of these two systems could be important for
maintaining stable behavior in the face of frequent perturbations. A particularly
interesting candidate for this opposing system could by octopamine. Lack of this
modulator in both larvae and adults has been shown to result in locomotor activity
and speed deficits [62, 89, 187, 188].
However, our results suggest that this ongoing inhibitory role is not the only one
that serotonin plays. In fact, it appears that serotonin can also act in a context
dependent way to modulate responses to light, and novel environments.
Serotonin as a modulator of light effects
While light experiments have proven difficult to interpret, we have seen that lack of
serotonin in the VNC does affect animals’ ability to respond to light stimuli, blunting
their response to pulses of light and dark. It is interesting that serotonin has an equal
effect on light responses, since in controls light causes animals to speed up, but we
believe serotonin is important in slowing animals down. It may be that a change
in serotonin levels is what is important for this modulation, and thus inactivation
could affect behaviors that require a decrease, as well as an increase, of serotonergic
signaling.
Additionally, lack of serotonin appears to produce dramatically different effects
on how animals respond to light depending on the order of light and dark blocks
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presented to the animal. When animals are introduced to a lighted arena, they walk
slightly faster than when introduced to a dark arena, and lack of serotonin causes
animals to walk faster than controls. However, when lights are turned on after a
prolonged period of darkness, while controls respond by a small increase in speed,
animals lacking serotonin drop their speed dramatically. We don’t yet know why this
might be the case; we suspect that the circadian cycle of the animal may be playing
a role.
Regardless, our data suggest that stimulus context affects the role of serotonin in
behavioral modification. To further tease apart the highly complex role or serotonin
in modulation of light-dependent behaviors, it would ideal use conditional inhibition
tools, to inhibit neurons during particular phases of these behavioral paradigms. Un-
fortunately, some of the most effective conditional activity modifiers rely on optoge-
netic stimulation and are thus unsuitable for light based experiments. Thermogenetic
tools such as TrpA1 might be useful, but temporal resolution would not be as fine,
as would take time to heat up a behavioral arena sufficiently to produce a phenotype
[134].
Serotonin as a modulator of response to a novel environment
Our data show that serotonin is more strongly required to produce initial speed
modulation in response to shifts in behavioral context. We have observed this simply
over the course of an experiment in our arena set up. Serotonin appears to be most
important in modulating the initial response to the arena, and its effect appears to
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decrease over time. This finding suggests that serotonin may be important for putting
animals into a state of exploration, or slow discovery of their environment.
We might ask why animals would want to walk more slowly in the face of a new
environment, especially when our analysis has shown that speed will increase the
coverage that animals achieve of their environment. There are a number of possi-
bilities, including that faster locomotion does not allow for enough time to properly
explore each location of the environment, and thus while coverage is broad, it is not
deep. We might also hypothesize that fast walking in a novel environment might risk
detection by predators. Studies on exploratory behavior in Drosophila have shown
that animals actually increase ”exploratory behavior” in the presence of a predator,
such as a pantropical jumping spider [176], though this type of exploration may be
more targeted to escape than effectively learning a new environment. Our own anal-
ysis suggests that slower walking might actually represent a more natural exploratory
state, as the difference in observed coverage versus predicted coverage diverges from
a perfect correlation more and more as animals walk more slowly. This observation
suggests that there is something additional going on during slow walking to alter
behavior in favor on a deeper, as opposed to broader, type of exploration. Our re-
sults suggest that, serotonin may be important to put animals in an ”exploratory” as
opposed to an ”escape” mode in the face of a new environment.
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Serotonin as a modulator of immediate stimulus response
We thought that serotonin’s role in regulating responses to novel environments might
suggest that it would modulate behavioral habituation to repeated presentations of
the same stimulus. However, across three behavioral paradigms (light, olfaction, and
vibration), this clearly is not the case.
However, serotonin does appear to be involved in modulating the time course
of behavioral response to a single stimulus pulse. Olfactory, visual, and mechanical
stimuli all show a characteristic pattern of sub-second responses, where animals pause
briefly before settling into a new walking baseline. We hypothesize that this pause
represents an initial “wait and evaluate” phase of behavior, where animals are gath-
ering sensory information in order to appropriately select their behavioral response.
In all of these contexts, inactivation of the serotonergic system in the VNC does not
completely abolish this first phase of behavioral response, suggesting it is driven by
another mechanism. However, lack of the serotonergic VNC system does prevent
animals from remaining in this state for the same amount of time as controls. Thus,
serotonin may serve as a “lock” on this pause behavior, extending the time before
a behavioral choice is enacted and facilitating information gathering in the face of
a sudden stimulus. Interestingly, this role of serotonin is unique to these periods of
response, as we do not find that inactivation increases the length of stop bouts during
baseline walking periods (see Figure 3.5 A).
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Exploratory behaviors and anxiety responses
One of the threads that runs through all these observations is the importance of
serotonin in so called ”exploratory” periods. In the mammalian literature, a di-
chotomy has been established between ”exploratory” locomotion and ”escape” be-
haviors. Whereas exploratory behaviors are slow, escape responses are fast [189,
190]. This framing is consistent with our observations that serotonin puts flies in a
slow walking state, perhaps one that is best suited for environmental exploration and
information gathering.
The study of exploratory behavior has been closely tied to that of anxiety, as
reduced exploration is often taken as a proxy for anxiety in rodent studies [191]. This
connection is interesting, as serotonin has been extensively implicated in modulating
anxiety in insects, vertebrates, and humans [162, 192]. Clinically, a key treatment for
severe anxiety is to raise the level of serotonin in the brain using selective serotonergic
reuptake inhibitors [193].
In Drosophila, studies have shown that manipulation of the serotonergic system
has effects on anxiety-related behaviors such as wall following. In a square arena, flies
generally prefer to avoid the open center area, remains around the edge [162]. This
phenomenon is thought to be a corollary of behavior in rodents, who also usually
avoid an open field. In a wall following paradigm, Mohammad et al. reported that
knockout or over-expression of various serotonergic receptors affected the amount of
wall following that animals performed.
So how do VNC circuits fit into this picture? On the one hand, the behavioral
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changes that we are observing do seem reminiscent of higher order drives such as
exploration. On the other, the anatomy of the serotonergic population in the VNC
suggests that it is primarily a direct effector of motor behavior. And, activation of
the VNC serotonergic population does not affect ”anxiety related” behaviors such as
wall following.
It is possible that the VNC serotonergic system communicates information back
up to higher brain regions to set behavioral states. There is one pair of VNC sero-
tonergic neurons that have ascending processes, and communication could also be
polysynatpic. However, we believe it is more likely that we have in fact isolated an
effector system responsible for direct modulation of motor output. This system could
perhaps act in parallel to upstream serotonergic systems, effecting motor changes
that are congruous with change in mood or anxiety states. A fuller understanding
of the inputs and targets of the VNC serotonergic system is essential if we want to
understand the role it is playing in modulating behavioral output.
4.4 Methods
4.4.1 Fly Lines
Table 4.1: Fly Stocks
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Line Source Reference
w1118 ; IIiso ; IIIiso BL 5905 [167]
w1118 ; IIiso ; Trhiso-Gal4 This
study







+ ; + ; UAS-Kir2.1 BL 6595 [168]
Table 4.2: Fly Lines and Associated Figures
Experimental Line Figure
tub>gal80>/w1118 ; tsh-LexA, lexAop-FLP/IIiso ;
UAS-Kir2.1/IIIiso
Fig-
ure 4.1, 4.2, 4.3, 4.4, 4.5, 4.6,
and 4.7
tub>gal80>/w1118 ; tsh-LexA, lexAop-FLP/IIiso ;
UAS-Kir2.1/Trhiso-Gal4
Fig-
ure 4.1, 4.2, 4.3, 4.4, 4.5, 4.6,
and 4.7
4.4.2 Fly Husbandry
Fly husbandry was conducted as described in Chapter 3.
4.4.3 Arena Experiments
Arena experiments were performed as described in Chapter 3, but with modifications
as follows:
Orientation
For inverted experiments, animals were introduced into the arena set-up when it was
upright, and the lid of the arena was taped in place. The entire arena was manually
inverted and propped up on two overturned ice buckets, to make space for the camera.




24 hours prior to behavioral assay, half of the flies were transferred to an empty tube
with a wet Kim Wipe. Recordings were begun as soon as animals entered the arena
and lasted for five minutes.
Heat
Heated experiments were carried out inside a walk-in temperature-controlled incu-
bator, which was set at either 18, 25, 30, or 37 °C and 40% humidity. Flies were
introduced to the arena immediately after entering the temperature-controlled room,
recording began immediately thereafter and lasted for five minutes.
Light
Light stimulus was provided by an array of Natural White LED Strip Lights (NFLS-x-
LC2 SuperbrightLEDS.com). These LEDs were controlled by an Arduino driver built
by Rick Hormigo. For all light experiments white lights were set at 100% brightness.
White light arrays were wired to an IR LED that served as an indicator to signal
when the white lights had been turned on.
Table 4.3: Light Experiment Protocols
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Step Protocol A Protocol B Figure
Experiment 1 Figure 4.3AStep 1 5 minutes OFF 5 minutes ON
Experiment 2
Figure 4.3B and CStep 1 5 minutes OFF 5 minutes ON
Step 2 5 minutes ON 5 minutes OFF
Experiment 3
Figure 4.6
Step 1 5 minutes ON
Step 2 1 minutes OFF
Step 3 1 minutes ON
Step 4 repeat Steps 2 and 3 3 times
Odor
Odor experiments were performed in the Axel lab with the assistance of Anita Devi-
neni. The arena was built to the specifications described in [180]. The set-up was
designed to infuse odors in four quadrants but for the purpose of these experiments
the same odor was released from all sources. Odors were vacuumed out of the arena
from a hole in the center.
3-octanol was diluted to 1:500 in mineral oil. 2 mls of this mixture was dripped
onto filter paper inside a dark glass vial. These vials were inserted into the arena set
up. Air flow was set at 400 mL/min, which was split into 4 streams of 100 mL/min
into each quadrant. 20-30 flies were loaded into the arena by mouth pipette, and a
glass cover was slid in place to prevent escape. MATLAB software described in [180]
was used to program the timing and release of odors into the arena. Experiments
were backlighted by an array of IR LEDs and conducted in the dark.
Table 4.4: Odor Experiment Protocol
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Step Protocol
Step 1 5 minutes habituation
Step 2 30 sec odor
Step 3 2 minute rest
Step 4 repeat Step 2-3 4 times
No indicator light was present for these experiments, but software synchronized
the start of the recording with the start of the odor protocol. Several adjustments
were made to optimize our tracking protocol for a different arena. As with other
experiments, a single calibration file was created for each recording session. For
olfactory experiments, this calibration file was duplicated for every recording, and
the number of flies was counted manually and inserted. This was done to reduce
tracking errors due to changes in the number of flies in the arena.
Vibration
To provide a vibration stimulus, four 3V haptic motors (1670-1023-ND, Digikey)
were attached to the aluminum plate in which the arena sat using 3D printed holders
constructed by Tanya Tabachnik. Motors were wired in series and driven by the same
Arduino system described in Chapter 3 and diagramed in Figure 3.7 A. This array
was also wired to an IR LED that served as an indicator light. For all experiments
described, vibration was set at 10% power.
Table 4.5: Vibration Experiment Protocol
Step Protocol
Step 1 5 minutes habituation
Step 2 10 sec vibration
Step 3 110 sec rest




For each animal under each condition, behavioral parameters were calculated as de-
fined in Chapter 3. A Z-score (difference from control mean divided by control SD)
was calculated to normalize behavior to a control for each condition. Genotypes were
compared using Kruskall-wallis analysis as data was not normally distributed.
Time courses
For every animal, median walking speeds were calculated for every 10 second block
of the recording session. The median of speeds for all animals was calculated for each
of these blocks, and a 95% confidence interval was calculated.
Trend in Difference
Difference between the medians of control and experimental population walking
speeds were calculated using bootstrapping, and a 95% confidence interval was calcu-
lated for each time point. For initial habituation experiments (Figure 4.4), time was
binned in 10 second intervals. For habituation in response to vibration pulse (Fig-
ure 4.7) bins were .3 second, to better assess the faster time course of this response.
A second degree polynomial equation was fit to the median difference to show the
trend over time.
Coverage









f(V isits[i]−Min)/M +Min if Min ≥ 1
The number of patches is defined as M, and the number of times an animal has
visited that patch is Visits[i]. Before an animal has explored all sections of the arena
(Min = 0), Coverage (C) is defined as the fraction of patches the animal has visited,
and returning visits to patches do not increase coverage. After all patches have been
visited (Min>0), the minimum number of times an animals has visited all patches
(Min) is supplemented with the fraction of patches that have been visited more than
Min times.
Only visits close the arena edge were defined as relevant to generating coverage.
Edge was defined at <12 mm away from the arena edge (this corresponds to 20% of
the arena radius).
Habituation
The change in velocity with stimulus was calculated as the change in median walking
or overall velocity for each individual before and during the stimulus pulse. The
amount of time over which behavior was sampled was determined by the length of
the stimulus pulse. To calculate the effect of genotype on behavioral habituation, a




To statistically analyze the subsecond responses to stimulus pulses, we established a
range of measure to describe this behavioral pattern including:
Initial speed: Median speed in the 10 seconds before pulse onset.
Min Speed: Minimum speed following onset of pulse.
Net Fall: Difference between initial speed and response minimum.
Fall time: Time from pulse onset to behavioral minimum.
Recovery time: Time from pulse onset to recovery of behavior to initial speed.
Max Speed: Maximum speed reached after recovery - up to 40 seconds after pulse
start.
Net rise: Difference between response minimum and response maximum.
Rise time: Time from recovery to response maximum.
As individual animal data was highly noisy and thus distribution of these param-
eters did not fit expected values based on population data, we smoothed individual
velocities generating a median for each value based on the 5 previous and 5 future
data points.
This approach means that we are missing the first five frames of data after the
stimulus turns on, but based on population data, we feel confident we are still within
the range of being able to visualize changes.
Having calculated these parameters for each individual, we compared genotypes
using a Kruskal-Wallis test, as these data were highly skewed.
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Chapter 5
Functional imaging of serotonergic neurons during
behavior
5.1 Introduction
Using optogenetic activation and constitutive inactivation genetic tools, we have built
a picture of the role serotonergic VNC neurons play in walking behavior. However,
these studies do not give us a direct measurement of how VNC serotonergic neurons
are actually behaving during walking. In this chapter, we will use functional imaging
approaches to assay the activity of a subset of serotonergic neurons during behavior.
5.1.1 Recording serotonergic neuronal activity in the cat
Electrophysiological recordings played a large part in the early phase of investigation
into the role of serotonergic systems in locomotion. Recording from the raphe nucleus
in the cat, a series of studies examined the response properties of these neurons and
their behavior in response to various stimuli. Results of these studies are summarized
below [93, 94, 103, 194, 195]:
1) Serotonergic neurons have intrinsic clock-like firing. This firing shifts with
different arousal states, increasing with waking and decreasing during sleep. These
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neurons are almost silent during REM sleep, a state that is also associated with
paralysis.
2) These neurons are not activated by a broad array of external stimuli, includ-
ing pyrogens, blood pressure changes, hypoglycemia, pain, noise, restraint, and the
presence of a natural enemy.
3) Different regions of serotonergic neurons show responses during different be-
haviors. Extracellular single-unit recordings in the dorsal raphe nucleus region shows
activity with chewing and biting movements [93], whereas raphe obscuris and pallidus
neurons (the primary source of serotonergic input to spinal cord ventral horn motor
neurons) are responsive to treadmill locomotion [103]. However, individual neurons
within a particular region, such as the medulla, can be responsive to multiple types
of motor behavior, such as chewing and locomotion.
4) Activity of serotonergic neurons in the medulla can be correlated with treadmill
walking speed. Interestingly, Veasey et al. observed several patterns of speed corre-
lation. Some cells were most active at slow speeds, some cells only augmented their
activity at fast speeds, and some showed a linear increase in activity with speed. On-
set of activity in serotonergic neurons was coincident with onset of treadmill activity,
and these neurons returned to baseline when the treadmill was stopped.
5.1.2 Functional Imaging in Drosophila
Techniques for assaying neuronal activity have dramatically progressed since these
original studies. In Drosophila in particular, the past few years have seen a huge ex-
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pansion in the utility of functional imaging tools to assay neuronal activity (reviewed
in [196]). The most common type of functional imaging relies on genetically encoded
calcium indicators to visualize the activity of a genetically defined neuronal popula-
tion. The most common of these indicators is a modified version of green fluorescent
protein – GcAMP.
The development of head-fixed fly preparations has allowed these techniques to be
applied in the context of the behaving animal [197]. This combination has been used
to great effect in studying Drosophila brain circuitry (reviewed in [196]). However,
the benefits of this revolution have been slow to reach the VNC. One obvious reason is
the inaccessibility of this structure, which resides in the thorax of the animal. While
the brain is accessible posteriorly without dramatically affecting an animal’s ability
to behave, in the case of the VNC, balancing accessibility and functionality has been
more challenging. Ventral approaches that maintain the legs intact have been used
to provide crucial information about sensory and motor processing in the VNC, but
these approaches still do not allow for recording during behaviors such as walking
[185, 186].
5.1.3 A new approach to VNC functional imaging
Recently, one approach has been developed to perform functional recording from the
VNC in a behaving animal [198]. In this technique, a dorsal dissection is performed to
expose the underlying VNC. Immobilized in a specially designed holder, these animals
are still able to perform behaviors such as walking on a ball, while two photon imaging
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of the VNC can be performed through the open dorsal aspect (Figure 5.1A).
This chapter will describe our collaboration with the lab of Pavan Ramdya, the
developer of this technique, to image activity in a subset of VNC serotonergic fibers.
The experiments described in this chapter were performed by Chin Lin Chen in the
Ramdya lab, and were analyzed by myself with significant assistance from Chin Lin
Chen and Laura Hermans. Our goal in this work was to understand when serotonergic
neurons are recruited during walking and other behaviors, and whether activity in
these neurons is related to walking speed.
5.2 Results
5.2.1 Two photon imaging of VNC serotonergic neurites
We used our VNC restricted Trh-Gal4 driver to label serotonergic neurons in the
VNC with tdTomato while at the same time expressing codon optimized GCaMP6f.
While we had originally planned to image from the ventral serotonergic cell bodies in
T1 and T2, our driver was not strong enough to visualize these cells under the two
photon, particularly as they are far away from the dorsal surface of the VNC. We
were also unable to see tdTomato signal innervating the neuropil, though this signal
was visible after staining for dsRed, confirming that we are imaging from the correct
line (see Figure 5.1 B).
We did, however, observe strong signal in two pairs of processes that ran through








CB Trh > tdTomato
Figure 5.1: Imaging VNC serotonergic fibers during walking. A) Schematic showing the
set-up for VNC calcium imaging in a behaving animal. The dorsal aspect of the fly is
dissected, and the fly is secured to a stage. The fly is able to freely walk on a ball suspended
on an airpuff, while a two-photon microscope images fluorescence of a calcium indicator.
B) Expression pattern of tdTomato reporter driven by tub>gal80> ; tsh-LexA, LexAop-Flp
; Trh-Gal4. This marker is expressed in the expected pattern, but is also known to have
leakage in the chordotonal organ, a structure that does not express Trh. White box indicates
the window that was visualized during calcium imaging. Scale bar represent 25 um. C)
Single two photon image of view through recording window. We were able to visualize
fibers - indicated by white arrows - running anterior to posterior that express tdTomato
(red) and codon optimized GCamp6f (green) driven by Trh-Gal4 selectively in the VNC.
D and D’) Image of Trh-Gal4 driving GFP in the VNC shows the same fibers we believe
we are recording from. A co-immunostaing in this tissue shows that these fibers are in fact
expressing serotonin. Scale bar represents 25 um.
which neurons these processes belong to, but they are likely either descending neurons
located in the subesophageal ganglion (our VNC intersection also labels a few cells
in this region), or ascending neurons whose cell bodies reside in the VNC itself. Our
previous analysis of serotonergic expression has shown that these same processes are
immunoreactive for serotonin (see Figure 5.1 D and D’).
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5.2.2 Activity correlates most strongly with walking
behavior
To assess how activity in serotonergic neurons correlated with walking, we used an
automated walking classifier written by Laura Hermans to identify bouts of loco-
motion based on the animal’s forward velocity. Fluorescent signal in this subset of
serotonergic fibers rises dramatically with the start of each walking bout, suggesting
that their activity is tightly correlated with walking (Figure 5.2 A). It even seems as
if activity in these cells may slightly precede the onset of walking behavior (Figure 5.2
B).
To determine whether activity in serotonergic neurons was associated with any
other behaviors besides walking, we manually classified four types of behaviors by
visual inspection of our videos: 1) Walking 2) Grooming 3) Proboscis extension reflex
and 4) Standing. All frames that did not fall into one of these categories were classified
as Other. When the average fluorescence during these bouts is compared, only during
walking does fluorescent signal rise above the level seen during standing (Figure 5.2
C, walking p<.001, grooming p=.11, PER p=.7 by Kruskal-Wallis with Dunn post
hoc correction).
While we saw a similar correlation between onset of walking and rise in fluorescent
signal as we did with an automatic classifier, no other behavior showed a similar
relationship (Figure 5.2 D). These results suggest that at least some components of the
VNC serotonergic system may be targeted towards modulating walking specifically,
as opposed to other motor behaviors.
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Figure 5.2: Activity in serotonergic fibers is correlated with walking. A) Velocity (red) and
dF/F (aqua) traces for a single animal across a 250 second experiment. Walking bouts
assigned by an automatic classifier are overlaid in gray. B) Time course of dF/F rise with
onset of a walking bout. For each animal, all walking bouts were synchronized around
their onset, and an average was taken. Plotted is the average of all animals (N=5) with a
95% confidence interval (shaded region). C) The distribution of the average dF/F for each
manually scored behavioral category for each animal. For each animal, an average dF/F
per behavior was calculated, and the graph shows the spread between animals (N=5).
Significance between groups was determined by Kruskallwallis test with follow up Dunn’s
correction for multiple hypothesis testing. *** p<.001 D) Time course of dF/F rise with
onset of manually classified behaviors. Only bouts that were preceded by a stop bout
were selected. For each animal, these bouts were synchronized around their onset, and
an average was taken. Plotted is the average of all animals (N=5) with a 95% confidence
interval (shaded region).
122
5.2.3 Correlation between neuronal activity and walking
speed
As our behavioral results have shown that the serotonergic system can modulate
walking speed, we wanted to know whether these particular neurons are active in a
way that correlates with walking velocity. There is a strong correlation between the
average speed for a particular bout of walking and the average fluorescence signal
in these serotonergic processes during that bout, suggesting that these neurons are
more active when animals are walking more quickly (Figure 5.3 A). Similar results
are observed when looking instead at the maximum fluorescent signal and maximum
velocity per bout (Figure 5.3 B).
It is possible however, that bout duration is confounding our results, as faster
bouts may generally be longer, and a longer bout might allow for the build-up of
more fluorescent signal. However, when we look at the relationship between bout
length and bout velocity, or bout length and bout fluorescence, we find that bout
length is not as well correlated with either parameter as they are with each other,
suggesting that there is a relationship between bout velocity and fluorescence above
and beyond that due to bout length (Figure 5.3 C and D).
5.2.4 Summary
In summary, we were able to observe the activity of a small subset of serotonergic
cells as animals were performing various behaviors. We found a strong correlation
between activity in these cells and walking, but not other behaviors. Additionally,
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Figure 5.3: Activity in serotonergic fibers is correlated with walking velocity. A) Average
fluorescence for each walking bout as classified by our automatic classifier, plotted by mean
bout velocity. B) Maximum fluorescent signal for each walking bout as classified by our
automatic classifier, plotted by maximum bout velocity. C) Average bout velocity plotted
by bout duration. D) Average bout fluorescence plotted by bout duration. Pearson’s R
shows correlation coefficient between variable pairs.
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activity was correlated with walking velocity.
5.3 Discussion
Which neurons are we imaging?
As we were only able to assess the activity of a limited number of neurons, a key
question posed by these results is which neurons these are and what their role is in
regulation of walking. Due to the complexity of innervation patterns in the VNC, we
were not able to trace these neurites back to their cell bodies definitively. However,
the fact that they pass through the cervical connective means that these are either
ascending or descending neural processes.
One likely explanation is that one pair of these cells originate in the subesophageal
ganglion, where our intersectional strategy consistently labels a single pair of neurons.
Unfortunately, none of our single cell analysis experiments have selectively labeled
these neurons alone (they are always labeled with other cells in the brain, complicating
analysis of their innervation pattern) and we thus do not know where they terminate
in the VNC.
As there are only a few cells labeled in the brain, at least one pair of these neurons
must originate in the VNC and send ascending processes through the connective to
the brain. Only one pair of neurons that we described in our single cell analysis in
Chapter 2 (Figure 2.3) show such processes: A2 and A2’. It is tempting to assume
that these are the neurons we are imaging. However, the ascending processes of A2/2’
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are very fine, suggesting that they might not be able to be visualized in this analysis.
Additionally, beyond the two pairs of processes we imaged from, there appear to be
other serotonergic fibers running through the connective, and thus even if the fibers
we imaged in this experiment are A2/2’, there must be other sources of ascending
modulation.
The only other potential source for these ascending processes is cells in the VNC
that we did not characterize in our initial single cell analysis. It seems unlikely that
we have missed a cell that primarily innervates the thoracic ganglia, which leaves
cells in the abdominal region. However, all of the neurons that we observed in the
abdomen so far have been confined to the abdominal ganglion. However, it is possible
that, as we were not aiming to fully characterize abdominal cell populations, we have
missed these cells in our analysis.
Ultimately, we cannot be sure which cells we are observing in this analysis, which
complicates its interpretation. Further single cells studies, or some kind of selective
labeling of neurons that send processes through the connective (photo-activatable
GFP, perhaps [199, 200]) could provide more clarity on the exact nature of these
populations.
Why might activity increase with speed?
Another key question is why our behavioral results show that the serotonergic system
in the VNC is required to slow animals down, but the particular subset of cells we
have focused on in this analysis are paradoxically more active as animals walk faster.
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There are a few potential explanations for this finding:
In the first place, the particular subset of cells we have been able to image in this
experiment may not be the ones driving our behavioral results. As they represent
ascending or descending fibers, these cells are likely different from the ones that we
hypothesized in Chapter 2 might directly modulate motor systems. Thus, it is possible
that, while they are being activated and inhibited in our behavioral experiments,
they are not the root cause of the behavioral shits that we are observing. This
model would suggest that there is heterogeneity in the action of different populations
of serotonergic neurons, a finding consistent with the literature showing different
populations of serotonergic neurons show different correlations with velocity, and can
even be involved in modulating distinct motor patterns [93, 103].
However, the activity in these cells is clearly correlated with walking, and strongly
resembles what has been found in mammals, and thus it is likely that these neurons
are playing a role related to walking. While it is possible that their effect may be
eclipsed in our behavioral experiments by activity in other cells, it is also possible
that these cells are drivers of our behavioral results, or play a role in the type of
behaviors we have been observing.
In the first place, it is possible that these cells play an opposing role to other
serotonergic neurons in the modulation of walking, suppressing the action of the cells
that are responsible for inducing slower speeds. It might be that this population
serves as a check on the actions of the VNC serotonergic population, inhibiting it
as animals walk faster and perhaps less serotonergic tone is required. This function
would serve to stabilize the circuit like a feedback loop, to prevent serotonergic tone
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from getting out of hand. In mammals, inhibitory autoreceptors have been found
on serotonergic neurons, suggesting that these neurons experience negative feedback
(reviewed in [201]).
Alternatively, these neurons may in fact be used to slow animals down. In this
model, their higher levels of activity at higher speeds would reflect the need for
increased serotonergic tone to slow walking when animals are moving faster.
Finally, as some of these fibers are likely ascending, it may be that these neurons
serve as reporters of animal walking speed to higher brain centers. If we hypothesize
that the serotonergic system in the VNC is an effector, funneling speed to a particular
level set by the brain, then there must a be a way for this system to communicate
how effectively it is playing this role. These neurons may serve to reflect the walking
speed of the animal back to the speed setting regions of the brain, to allow for further
adjustment.
Regardless of the exact role these neurons are playing the modulation of walking
behavior, these functional imaging studies indicate that, as with serotonergic neurons
in the mammalian brainstem, the activity of serotonergic populations in Drosophila is
closely tied to walking, and specifically walking speed. If we want to understand how
these and other members of the serotonergic population in the VNC affect walking, we
have to build a better understanding of the targets of these neurons in the VNC itself.
In the next chapter, we will use anatomical and behavioral techniques to identify




Experiments were done by Chin Lin Chen in Pavan Ramdya’s lab, as described in
[198]. Base analysis code (in Python) was written by Laura Hermans, also as de-
scribed in [198] and modified by myself for the purposes of this analysis.
5.4.1 Fly Lines
Table 5.1: Fly Stocks
Line Source Reference
+ ; + ; Trh-Gal4 BL [139]
tub>gal80> ; tsh-LexA, LexAop-Flp ; + Marta Zlatic Kristin Scott
+ ; UAS-OpGCamp6f ; UAS-tdTomato Pavan Ramdya
Table 5.2: Fly Lines and Associated Figures
Experimental Line Figure
tub>gal80>/+ ; tsh-LexA, lexAop-FLP/UAS-OpGCamp6f ;
Trh-Gal4/UAS-tdTomato
Fig-
ure 5.1, 5.2, 5.3
5.4.2 Immunostaining
Following two photon imaging, brains and VNCs were dissected out of the animal,
and fixed in 4% PFA for 20 min at room temperature. Samples were wash 2-3 x 10-15
min in 1% PBST and blocked for one hour at room temperature in 1% PBST with 5%
NGS. Samples were stained overnight at room temperature with primary antibody
diluted in blocking solution. The next day, samples were washed 2-3 x 10-15 min
in 1% PBST. Samples were incubated with secondary antibody overnight at room
temperature in the dark. The next day, samples were washed 2-3 x 10-15 min 1%
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PBST and mounted in Slow Fade Gold mounting medium (ThermoFisher).
Table 5.3: Primary Antibodies
Antibody Animal Concentration Source Figure
Brp m 1:20 DHSB Figure 5.1
dsRed rb 1:1000 Takara Bio 632496 Figure 5.1
Table 5.4: Secondary Antibodies
Secondary Animal Concentration Source
Cy3 goat anti rb 1:400 Jackson
Alex 633 goat anti m 1:400 ThermoFisher
5.4.3 Confocal Imaging
Imaging was performed on a Zeiss LSM 700 Laser Scanning Confocal Microscope at
20X magnification and 2X averaging, with a .52 X .52 um pixel size. Z sections were
taken at 1 um intervals. Z projections of brain and VNC were generated in Fiji.
5.4.4 Hardware and Two Photon Imaging
As described in [198].
5.4.5 Analysis Software
Original software was written in Python by Laura Hermans and is described in [198].
Below is a summary of the analysis protocol used for these experiments.
Initial image Processing
TIFF videos from two photon analysis were processed in Fiji, to merge GcAMP and
tdTomato channels. No brightness or contrast adjustments were performed, in order
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to standardize ROI selection.
ROI Selection
To reduce background noise, we automatically selected a region of interest around
our neurons. The input for ROI selection was only the tdTomato channel of our
recording, to avoid biasing ROI selection based on the strength of GcAMP signal.
Images were converted to 8-bit, color ranges were extended, and contrast was
augmented to better detect the ROI. Baseline signal was subtracted and then bright-
ness was scaled such that the maximum value was 255. A blur filter was applied to
the image (blur value 10), and then an Otsu Threshold was applied to reduce the
grayscale image to a binary. Once the image was thresholded, an erosion function
(kernel size 5) was used to avoid too small or too large ROIs being detected. Contours
of all ROIs were detected on the eroded image and a copy of the original image was
returned with ROI contours drawn on it. A minimum threshold of 150 pixels was set
on the size of the ROI to avoid overly small detections. Mean fluorescence values for
either tdTomato or GcAMP signal were calculated over all ROIs together. dF/F was
defined as the change in Gcamp signal from baseline.
Synchronization
Fluorescent signal, video of the fly walking, and the optic flow of the ball on which
the fly was walking were all recorded at different frame rates. Thus, we needed to
perform a step to upsample fluorescent signal and frame by frame behavioral video
annotations to the level of optic flow. Optic flow and fluorescent data were then
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smoothed with a window of 200 ms. Optic flow data was then translated into mm/s
in the anterior-posterior, and medial-lateral directions and degrees/s for yaw.
Automatic Walking Classifier
An automatic walking classifier written by Laura Hermans was used to define walking
bouts. Velocity of .31 mm/s was defined as the threshold for walking, and 2 seconds
was the minimum threshold for bout length.
Manual behavioral annotation
In addition to automatic behavioral classification, we also used manual classification
to expand our behavioral definitions beyond walking and stopping. Videos showing
a side view of the fly walking on the ball were annotated for four behaviors: 1) walk
2) stop 3) proboscis extension reflex 4) groom. All frames that could not neatly be
classified as one of these four behaviors were defined as 5) other.
Statistics
Manually Annotated Behaviors: For each animal, the average dF/F for frames labeled
a particular behavior classification was calculated. Comparisons between behaviors
were made using Kruskal-Wallis testing with Dunn’s correction for multiple compar-
isons.
Timecourses: For each behavioral classification, an average time course was deter-
mined for each animal by averaging dF/F for all behavioral bouts, centering them on
bout onset. For manually annotated behaviors, only bouts that immediately followed
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a stop bout were used to calculate averages. Averages across all animals were then
calculated, and 95% confidence intervals fit by bootstrapping.
Correlation Analysis: To calculate the correlation between walking velocity and
dF/F, we used a Pearson correlation to calculate R.
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Chapter 6
How serotonin enacts its effects on motor behavior
6.1 Introduction
We have shown that ventral nerve cord serotonergic neurons are both sufficient and
required to modulate walking speed. However, how these neurons enact their function
at the level of VNC motor circuitry remains unknown. Based on the morphology of
neurons in the VNC, we have hypothesized that serotonin might directly target the
motor systems of the VNC, and in this chapter, we will explore whether that is true,
and if so, what role serotonergic input plays in the modulation of these components.
6.1.1 VNC motor circuitry components
The circuits that are responsible for walking in the Drosophila VNC, and thus might
be directly modulated in order to shift motor patterns, are composed of a few key
elements, including a central pattern generator, motor outputs, and sensory inputs.
Though the particular cellular correlates of the locomotor CPG have not yet been
uncovered in Drosophila, it is hypothesized based on homology with other insect
systems that local interneurons within the VNC make up these circuits [55, 56, 202].
Central circuits enact leg movements though the action of motor neurons located in
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each thoracic hemi-segment, which send their axons out to the periphery and synapse
onto muscles [59, 203, 204]. This central circuitry is also modulated by incoming
information from the periphery, which conveys diverse data about the environment,
including mechanical disruption, joint position, vibration, and the position of the
animal in space [8, 184–186, 205–208]. Neuromodulators in general, and serotonin in
particular, hae been shown to act at all of these levels of circuit processing to regulate
motor output in other systems (reviewed in [84]).
6.1.2 Serotonergic receptors in Drosophila
Serotonin enacts its effect through binding to a series of receptors, each of which
exerts a distinct function on downstream cellular signaling. In Drosophila, there
are five known serotonergic receptors, which fall into three larger families based on
homology of sequence and function with mammalian receptors: 5-HT1A, 5-HT1B,
5-HT2A, 5-HT2B, and 5-HT7 [119, 209–214].
All of these receptors are G-protein coupled, and each of receptor family exerts a
different effect on the receiving cell. The 5-HT1 family acts through Gi proteins to
decrease the amount of intracellular cyclic AMP [210]. In contrast, the 5-HT7 family
performs the opposite role, acting through Gs proteins to increase cAMP [210, 214].
While there have not been thorough studies of the mechanism of action of 5-HT2
family receptors in Drosophila, based on sequence homology and agonist/antagonist
responses these are hypothesized to be behave similarly to the mammalian 5-HT2
family [212, 213]. In mammals, these receptors do not impact cAMP levels, but
135
instead act through the PLC second messenger signaling cascade (reviewed in [211]).
Altering levels of these second messenger signaling systems can go on to alter
both channel function and gene expression, making neurons more or less responsive
to incoming synaptic drive ([215–217], reviewed in [124, 218–220]).
6.1.3 The role of serotonergic receptors in Drosophila
behavior
Serotonergic receptors have been found to be extensively expressed in the larval and
adult Drosophila CNS [218, 221–226]. A differential requirement for individual re-
ceptors has been shown for everything from circadian rhythms [221, 222], aggression
[227], feeding [228], and courtship [224], to learning and memory formation [226, 229].
In addition, serotonergic receptors have been extensively implicated in the regulation
of motor behaviors in Drosophila.
From the initial discovery of these receptors, they were implicated in motor be-
haviors. One of the original studies to identify serotonergic receptors in Drosophila
showed that these receptors were expressed in what would become larval motor neu-
rons in the late embryonic stages [210]. Since that initial discovery, the role of
serotonergic receptors in locomotion has been highly studied. RNAi knockdown of
5-HT1B, 2 and 7 in the larval mushroom body have been shown to increase motor
behavior, whereas 5-HT1A knockdown has no effect [230]. Also in larva, 5-HT1B re-
ceptors have been shown to be important for the serotonergic modulation of turning
behavior [152]. Other studies have shown a role for 5-HT1B, 2A, 2B and 7 in the
136
regulation of body wall contractions in the larva [149].
In the adult, fewer studies have looked specifically at the role of serotonergic
receptors in locomotion. In an extensive study of wall-following behavior, Moham-
mad et al. showed that different serotonergic receptors contributed differently to the
modulation of this behavior [162]. However, they interpret this phenotype as be-
ing primarily ”anxiety” mediated, not a result of changes in motor behavior. Other
studies have shown that particular receptors are involved in motor related behaviors
such as stress responses and courtship [224, 231]. However, little work has been done
on the effect of serotonergic receptors on fundamental motor patterns in the adult
Drosophila.
6.1.4 General Principles
Extensive studies in other motor systems, however, have uncovered several underly-
ing principles of how serotonin’s action at the level of its receptors modulates motor
circuits. In the first place, modulation often takes place at many levels of a motor
circuit. For example, in mammals, serotonin has been shown to modulate the activity
of motor, sensory, and interneurons in the spinal cord. Secondly, different seroton-
ergic receptors are responsible for different action of serotonin in circuit modulation
(reviewed in [84]). In this chapter, we will explore the role of serotonergic recep-
tors in the modulation of walking in the Drosophila adult VNC to see whether these
principles are also applied in the context of the walking circuit.
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6.2 Results
6.2.1 5-HT receptors differentially modulate serotonin’s
effects on baseline walking behavior
To assess the role of each serotonergic receptor in modulating walking, we took ad-
vantage of recently-developed CRISPR mutant alleles for each of these proteins in
addition to Trh itself [232]. These alleles were generated by replacing a significant
portion of the each gene with a Gal4 construct, effectively generating null alleles.
When we assessed the effect of these mutants on walking parameters, we found a
number of patterns (Figure 6.1 A). In the first place, Trh mutant animals behaved
strikingly similarly to animals in which VNC serotonergic neurons have been inacti-
vated. They both walk more (p<.001, Kruskal wallis with Dunn-Sidak) and increase
their walking velocity (p<.001), while also increasing their absolute angular velocity
(p<.001) and decreasing their distance from the arena wall (p<.001). However, mu-
tant animals show additional phenotypes that we did not observe in our inactivation
experiments, including an increase in the frequency of jumping (p<.001).
Some parameters, such as distance from the arena wall, and walking frequency,
appear to be affected by all receptor mutations. Interestingly, we found that mutating
any of the receptors decreased the distance animals are from the arena wall, while
previous studies using RNAi to knockdown particular receptors ([162]) have shown a
differential role of different receptor types in this behavior.
For some behaviors, however, specific receptors appear to be involved in producing
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the Trh mutant phenotype. Jumping, for example, is selectively affected in 5-HT1A
(p<.001) and Trh mutants (p<.001), but no other receptor mutants. In contrast, for
walking speed, 5-HT7 appears to be the most important receptor, as it recapitulates
the increase in walking speed seen in Trh mutants.
Unfortunately, we were unable to assess the role of 5-HT2B receptors in these
behaviors, as this mutant line did not homozygose at a frequency high enough to
provide sufficient animals for behavioral experiments.
6.2.2 5-HT receptors differentially modulate animals’ initial
response vibration stimulus
As receptor mutants can recapitulate baseline walking phenotypes caused by Trh
mutation, we wanted to dissect how these receptors contribute to another of sero-
tonin’s roles: the modulation of immediate responses to sharp stimulus transitions.
We focused on the vibration paradigm described in Chapter 3, as we feel that this
phenotype is the most likely to represent an internal VNC-mediated response.
Using a slightly modified vibration paradigm (described in Methods), we observe
that Trh mutant animals show similar phenotypes to animals where serotonergic
neurons in the VNC have been inactivated (Figure 6.2 A and B). In particular, the
pause in response to the onset of the vibration stimulus is less prolonged in these
animals, and they thus appear to reach their maximum speed faster than controls.
Mutations in the serotonergic receptors also affect how animals respond to the












































































p<.001 for all receptor types p<.001 for specific receptor types
Figure 6.1: Baseline walking behavior in 5-HT receptor mutants. A) Heatmap showing
how mutation of each 5-HT receptor and Trh itself affects walking parameters. Color
shows the Z-score (difference in mean from control, here isoCS, divided by control stan-
dard deviation) for each animal for each parameter. N: isoCS=130, 5-HTR1AGal4=130,
5-HTR1BGal4=120, 5-HTR2AGal4=100, 5-HTR7Gal4=120, Trh01=120. Statistical compar-
ison between genotypes was performed by Kruskal-Wallis test with Dunn-Sidak post hoc
correction for multiple comparisons. Boxed in dark purple are examples of parameters
where only particular receptors appear to contribute to serotonergic action. Boxed in light
purple are examples of parameters were all receptors contribute to serotonergic action. B
and C) Median population B) overall or C) walking velocity for 5-HT receptor and Trh
mutants, binned over 10 seconds.
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appears that serotonergic receptor mutants fall into two categories: Group I) those
that behave more like Trh mutants and reach their maximum speed earlier than con-
trols, but reach approximately the same maximum speed (5-HT1B, 5-HT7, Figure 6.2
C and D), and Group II) those that have a similar rising phase as controls but reach a
lower maximum speed during the vibration pulse (5-HT1A and 5-HT2A Figure 6.2 E
and F). 5-HT1A is a particularly interesting example, as vibration stimulus appears
to cause a sustained decrease in its walking speed, which is the opposite of how all
other genotypes respond (Figure 6.2 F).
To determine whether these observed differences were significant, we calculated
seven parameters to describe the stages in this behavioral response. These parameters
included an animal’s initial speed, and the minimum and maximum speed achieved
during their response to the vibration pulse. We also calculated the net speed drop
from initial to minimum speed, and the net rise from minimum to maximum speed.
Finally, we calculated the time it took animals to go from initial to minimum speed,
and the time it took for them to rise from their minimum to maximum speeds (Fig-
ure 6.3 A).
Having calculated each of these parameters for each individual in our study, we
were able to compare behavior of mutants and controls using a Kruskal-Wallis analysis
with a Dunn-Sidak correction to control for multiple comparisons. In this analysis,
Trh mutant animals show the predicted behavior of a faster initial speed and minimum
speed, but a shortened rise time (Figure 6.3 B). Interestingly, this behavior is exactly
what we observed when we inactivated serotonergic neurons in the VNC (Figure 6.3
C), though the magnitude of the change cannot be compared by this assay. We also
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observe that 5-HT7 receptor mutants recapitulate the phenotype seen in Trh mutants.
Finally, while all receptor mutants show a decrease in maximum speed compared to
controls, this decrease is much larger in Group II (5-HT1A and 5-HT2A) mutants,
paralleling the behavior of population traces.
These data suggest that different receptors may be mediating distinct components
of this behavioral response. Additionally, the fact that particular receptor mutants
show phenotypes that are not seen with Trh mutation suggests that serotonin likely
has varied effects on downstream targets based on receptor distribution.
6.2.3 Serotonergic receptors are expressed broadly
throughout the brain and VNC
As our mutant studies show that particular receptors may be important in mediating
the effects of serotonin, we wanted to know where these proteins are expressed in the
CNS. While antibodies for serotonergic receptors are not available in Drosophila, new
genetic techniques now allow for accurate labeling of populations expressing particular
receptors. The MiMiC transposon library has been a key tool for gene disruption in
Drosophila, and has recently been adapted to produce Gal4 lines that serve as protein
and gene traps for a wide array of genes [233–235]. Using MiMiC Gal4 lines for each
of the serotonergic receptors, we assessed which cells in the brain and VNC express
each receptor subtype (Figure 6.4 A).
Driving a GFP reporter with these Gal4 lines shows that a broad array of neurons
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Figure 6.2: Response to vibration in 5-HT receptor mutants. A) Median population overall
velocity time course, sampled at 30 Hz, for serotonergic receptor and Trh01 mutants in re-
sponse to vibration stimulus. B-F) Data broken down by mutant genotype. Ns: isoCS=140,
5-HT1AGal4=117, 5-HT1BGal4=130, 5-HT2AGal4 = 94, 5-HT7Gal4=120, Trh01 = 139. Pop-







































































Figure 6.3: Vibration Response Parameters. A) Schematic of parameters calculated to
describe behavior in response to vibration stimulus. B and C) Heatmaps showing how B)
mutation in receptors and Trh or C) inactivation of VNC serotonergic neurons shifts param-
eters outlined in A. Color represents the difference in the mean rank between each genotype
and control, calculated with a Kruskal-Wallis and follow up Dunn-Sidak correction. Out-
lined in yellow and green are groups of genotypes that appeared to behave similarly at
the population level, see Figure 6.2. Ns: isoCS=140, 5-HT1AGal4=117, 5-HT1BGal4=130,


























Figure 6.4: Schematic of MiMIC Insertions. A) Schematics of the genetic loci for each
serotonergic receptor with annotated MiMIC insertion sites. Small boxes show untranslated
regions, and large boxes show coding exons. Gene annotations taken from the UCSC
Genome Browser: https://genome.ucsc.edu/index.html and MiMIC annotations taken from
http://www.flybase.org. Red arrows show insertion sites that, when converted to a Gal4
line, serve as a protein trap. Blue arrows show sites that serve as a gene trap.
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patterns shown by these line are remarkably consistent across different Mimic inser-
tion sites in the same gene, suggesting that they do in fact represent the expression
pattern of their respective receptor proteins. The only exception is 5-HT2A, whose
two insertions show different patterns of expression. In 5-HT2A 459, expression ap-
pears to be limited in the VNC, whereas 5-HT2A 3299 shows a broad expression
pattern in primarily glial cells (Figure 6.5 E/E’, F/F’) . This difference suggests that
there may be multiple isoforms of 5-HT2A that are expressed in different populations.
Looking closer at the VNC, one striking feature is the expression in sensory fibers
coming into the VNC from the periphery (Figure 6.5 A’, D’, E’, G’, K’, white arrows).
6.2.4 Within the VNC, serotonergic receptors are expressed
in distinct patterns in populations of sensory and
motor neurons
To better dissect the expression pattern of serotonergic receptors in the sensory and
motor components of VNC circuitry, we looked at the expression of these receptor
Gal4 lines in the leg. Sensory populations in the leg are made up a diversity of
subtypes. Two major classes are neurons coupled to leg bristles that communicate
mechanosensory information across the length of the leg, and proprioceptors near
joints which convey a picture of the animal’s own kinematic movements. In addition
to the cell bodies of sensory neurons, the axons of motor neurons innervate muscles
across each joint, acting as the ultimate effectors of locomotor circuitry (Schematized
in Figure 6.6 A).
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Figure 6.5: Caption continued on following page.
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Figure 6.5: Expression pattern of serotonergic receptors in the CNS. MiMIC protein and
gene trap serotonergic receptor Gal4 lines driving 20X UAS - hexameric GFP in the A-
J) brain and A’-J’) VNC. White arrows indicate incoming sensory projections. Scale bar
represents 50 um. All brains and VNC are stained with anti-brp in magenta to outline the
neuropil.
Different families of serotonergic receptors are each expressed in a distinct pattern
in these sensory and motor neurons (Figure 6.6 B-F, summarized in G). While mem-
bers of the 5-HT1 family are predominantly expressed in mechanosensory neurons
across the leg, 5-HT2 and 7 receptors are instead expressed more strongly in motor
neuron, proprioceptive, and distal sensory populations. These findings suggest that
an upregulation of VNC serotonin will likely differentially mediate these different
populations.
6.2.5 5-HT7 receptors are expressed in specific motor and
sensory populations
As 5-HT7 appears to be a key regulator of walking behavior and is expressed in both
motor and sensory populations, we wanted to further explore exactly what structures
this receptor is expressed in. To do this, we intersected our receptor Gal4 line with
Dac-RE, an enhancer fragment expressed selectively in the leg [8], and VGlut, a
marker of adult motor neurons [58]. Our motor neuron intersection also serves as
a lineage tracing tool, but as receptors are likely a feature of mature neurons, it
is unlikely that we will label neurons that expressed these proteins solely during
development.

























4464 Gal4 > GFP
459 Gal4 > GFP 215 Gal4 > GFP
5213 Gal4 > GFP
5208 Gal4 > GFP
G
Figure 6.6: Expression pattern of serotonergic receptors in the adult leg. A) Schematic of
a subset of sensory and motor populations in the adult leg. B-F) MiMIC protein and gene
trap serotonergic receptor Gal4 lines driving 20X UAS - hexameric GFP in the leg. Cuti-
cle autoflourescence is shown in magenta. Arrows show expression (strong – filled arrow,
weak or partial – striped arrow, or absent – empty arrow) in motor (purple), propriocep-
tive (green), and mechanosensory (orange) populations. Scale bar represents 50 um. G)
Summary of the expression of MiMIC Gal4 lines for each receptor in motor and sensory
populations of the adult leg. Opacity of color represents strength/extent of expression.
149
appears to be primarily expressed in proprioceptive structures such as the femoral
chordotonal organ (FeCo), hair plate, and campaniform sensilla. Additionally, this
line drives expression in mechanosensory neurons that innervate distal, but not prox-
imal hair bristles (Figure 6.7 A).
5-HT7-Gal4 also drives expression in a specific subset of motor neurons. These
motor neurons are primarily located in the three proximal segments of the leg (the
coxa, the trochanter, and the femur, Figure 6.7 B). Looking closer at the femur, we
can see that these neurons innervate both flexor and extensor muscle populations
(Figure 6.7 C).
6.2.6 Role of 5-HT7 receptor in subsets of VNC circuitry
components
Our studies of the distribution of serotonergic receptors in the VNC suggest that
particular receptors likely play distinct roles in particular VNC circuit components.
To address this hypothesis, we performed conditional knockdowns of a single receptor
in distinct subsets of VNC neurons. We chose to focus on 5-HT7, since this receptor
was shown to replicate phenotypes caused by mutation in Trh and inactivation of
serotonergic neurons in the VNC.
Using intersectional genetic approaches, we generated driver lines to label: 1) all
neurons in the VNC (Figure 6.8 A and B), 2) motor neurons (Figure 6.8 C and D),
and 3) proprioceptive neurons (Figure 6.8 E and F). While our genetic intersectional


















Muscle Innervated by 5HT7 Expressing Motor Neurons
512 Gal4 > GFP 512 Gal4 > GFP
A B
C
Figure 6.7: Expression of 5-HT7-Gal4 in Sensory and Motor populations. A) Expression
driven by 5-HT7 (215) Gal4 in sensory populations of the adult leg. To limit expression to
leg structures, this Gal4 line was intersected with DacRE-Flp. Specific sensory structures
are identified with white arrows and labels. Scale bar 50 um. B) Expression driven by
5-HT7 (215) Gal4 in motor neurons in the adult leg. To limit expression to motor neurons,
this Gal4 line was intersected with VGlut-LexA. Specific motor structures are identified
with white arrows and labels. Scale bar 50 um. C) Motor neurons expressing 5-HT7-Gal4
innervate both flexors and extensors in the femur. 5-HT7 (512) Gal4 driving UAS-GFP in
leg motor neurons using the same intersection as in B. An enhancer for the myosin heavy
chain drives RFP to label muscles. Muscles are outlined in white and labeled. Scale bar 50
um.
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the populations labeled in our ”full VNC” intersection are only a subset of the entire
VNC motor circuitry and may be missing key populations such as motor neurons.
We used two RNAi lines against 5-HT7, and two controls lines to validate our
results. We observed high variability in behavior between the two controls, which
makes it difficult to make firm conclusions. Of the two 5-HT7 RNAi lines, one line
in particular, (5-HT7-JF) showed a phenotype when driven in a broad array of VNC
neurons, VNC motor neurons, and leg proprioceptors (Figure 6.9). Surprisingly,
this phenotype was not consistent with our mutant experiments. While mutation
of 5-HTR7 (and Trh) results in animals walking more and walking faster, RNAi
knockdown of this receptor appears to result in slower walking speeds. It is possible
that this represents a role for this protein that was masked in our earlier full animal
knockout experiments. However, the fact that we are observing this phenotype only
from one of our RNAi alleles, and also observing the same phenotype from all driver
lines, suggests that this result could also be due to technical problems with our
experimental set up.
6.2.7 Summary
Action on a diversity of receptors is a key way that serotonin is able to play a huge
array of roles in modulating circuit function. In this chapter we have describe the
localization of serotonergic receptors in VNC components, showing that these proteins
are expressed broadly throughout the VNC, in motor neurons, and in sensory neurons.











































Figure 6.8: Caption continued on following page.
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Figure 6.8: Gal4 drivers for subsets of VNC neuron populations. A/B) 20X UAS-hexameric
GFP expression driven by ElaV-Gal4 intersected with tsh to restrict its expression to the
VNC. Scale bar 50 um. C/D) 20X UAS-hexameric GFP expression driven by E49-Gal4
intersected with otd to restrict its expression to the VNC. Expression in leg motor neurons
indicated by white arrows. Scale bar 50 um. E/F) 20X UAS-hexameric GFP expression
driven by iav-Gal4 intersected with tsh to restrict its expression to the VNC. The femoral
(FeCO), tibial (TiCo) and tarsal (TaCo) chordotonal organs are indicated with white arrows.
Scale bar 50 um.
suggesting that serotonin may have differential effects on distinct targets.
Functionally, deletion of each serotonergic neuron has a distinct effect on walking
behavior. 5-HT7 in particular is clearly important for regulation of walking, as
mutation of this one receptor is able to recapitulate the phenotypes we have observed
with mutation of Trh, and also through inactivation of VNC serotonergic neurons.
However, it appears that a different complement of receptors is important in each
of the locomotor behaviors we have documented, with some behaviors (like distance
from the arena wall) being modulated by many receptors, and others, like jumping
frequency, being regulated primarily by a single receptor.
Regarding the role for serotonin in modulating the behavioral response to sharp
stimulus transitions, we see that receptors are also important in this role. While
5-HT7 again recapitulates the mutant phenotype, 5-HT1B deletion also appears to
be involved in modulating this behavior. Interestingly, particular receptors seem to
be important in the opposite direction as Trh, suggesting that modulation of this
behavior is complex.
While results from RNAi experiments are not very clear, we have developed a
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Figure 6.9: Caption continued on following page.
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Figure 6.9: Role of 5-HT7 in specific VNC circuit components during baseline walking
behavior. Heatmap of behavioral changes induced by knockdown of 5-HT7 in A) a broad
array of VNC neurons, B) motor neurons, and C) proprioceptive neurons. Color shows the
z-score (mean difference divided by control standard deviation) for each animal for each
genotype. Controls for each experiment were the Gal4 driver line crossed to a background-
matched control with an attp2 insertion (bold). Ns: Broad VNC driver - attp2=80, Gal4
RNAi=47, 5-HT7 RNAi HMS = 70, 5-HT7 RNAi JF = 90. Motor neuron driver - 70
animals per gentoype. Proprioceptive driver - attp2=80, Gal4 RNAi = 70, 5-HT7 RNAi
HMS = 70, 5-HT7 RNAi JF = 76.
6.3 Discussion
Model of serotonergic action in the VNC
Based on the distribution of receptors in VNC circuitry components, we can formulate
a model of how serotonergic action may be working to modulate circuit function. As
the primary receptors expressed in motor neurons are 5-HT7 and 5-HT2B, which
have been shown in vitro to upregulate the production of cAMP and facilitate calcium
entry, we believe that serotonin should facilitate motor output through its actions on
these cells [119]. There is ample evidence in the literature to support this role both
rodent models as well as human studies (reviewed in [123–125]). Additionally, we have
collaborators (Anthony Azevedo in Jon Tuthill’s lab at the University of Washington),
who are actively testing the effect of serotonin on the physiology of motor neurons in
vivo in Drosophila, and whose initial data suggests that serotonergic tone serves to
amplify strength of motor neuron tone onto muscles (data not shown).
If it is true that serotonin strengthens motor output in the VNC, how does this ef-
fect tie in with our behavioral understanding of the role of VNC serotonergic systems?
Interestingly, in humans, increased motor output is usually correlated with increased,
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not decreased, speed [236]. Thus, this role of serotonin might seem paradoxical in
light of our behavioral data. We do not know enough about how motor neurons are
recruited to produce fast and slow gaits in Drosophila, so we can only speculate about
how serotonin modulates these movements. But we might hypothesize that stronger
motor tone might facilitate accurate foot placements, which we have observed with
serotonergic activation. It is interesting to note that serotonin appears to target both
flexors and extensors similarly, suggesting that it might be involved in co-contraction
of these muscles, which has been shown to be important for stabilization of human
walking in the face of challenging terrain [237–240].
While serotonin likely strengthens the tone of motor output, consistent with its
role in vertebrates, the sensory system is a different story. In their original paper,
Jacobs and Fornal suggested that one role of serotonin might be to shut down sensory
input, in order to facilitate motor output [94]. We do see receptors that are canoni-
cally thought of as “inhibitory” in sensory populations, particular in mechanosensory
neurons in the proximal areas of the leg. However, we also see receptors like 5-HT7
and 5-HT2B expressed in sensory populations as well, primarily in proprioceptive
organs and distal sensory structures. We hypothesize that this distribution serves to
shift the balance of sensory information in the face of serotonergic input. We might
predict that increased levels of serotonin would amplify proprioceptive and distal sen-
sory input at the expense of more proximal sensory information. Whether this shift
in sensory information occurs, and whether it is a driver of the behavioral results
we are observing, are key future directions this work could explore. One possibility
is that shifts in sensory processing are not directly driving our phenotype of slower
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walking, but are rather parallel information shifts that might be useful in a partic-
ular context where slow walking was also required, such as complex terrain where
improved sensory information might be key to effective walking.
Considering the broad expression of serotonergic receptors in sensory organs, it
is interesting that one of the behavioral roles of serotonin we have identified is its
ability to mediate the response of animals to vibrational stimuli. Vibration is sensed
by the chordotonal organ, and our expression analysis has shown that every receptor
is expressed in some subset of cells in this structure [184, 186, 241]. It may be that
modulation of sensory information as it is entering the VNC plays a key role in how
serotonin modulates response to vibration stimulus.
It is highly likely that serotonin also plays a key role in regulation of VNC central
pattern generators. However, as those circuits have yet to be identified in Drosophila,
we were not able to assess this role in our study. As future work begins to dissect
the interneuronal circuits in the VNC, however, we will be interested to classify the
types of interneurons that are targets of serotonergic signaling.
Particular importance of 5-HT7
Our behavioral results confirm the importance of receptor diversity in serotonin’s
ability to modulate walking. Some behavioral parameters appear to be modulated
primarily by one type of receptor. 5-HT7, for example, appears to be a key modulator
serotonin’s effect on walking speed, while 5-HT1A mediates jumping. However, there
are some behavioral parameters that appear to be equally mediated by any of the
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receptors we assessed in this study, such as wall following (although our results do
differ from previous studies of this behavior [162]).
A particularly interesting example of how multiple receptors can play distinct roles
is mediation of the initial response to a vibration stimulus. Inhibition of serotonergic
VNC neurons, as well as mutation of Trh in the whole animal, decreases the time
animals take in the initial “pause” phase of their behavioral response, before they
increase speed in response to the vibration stimulus. Mutation of the 5-HT7 receptor
replicates this phenotype, as, partially, does mutation of 5-HT1B. However, mutation
of other receptors, particularly 5-HT1A, show a very different phenotype. While the
rate of rise appears similar to control, these animals reach a lower peak speed during
the vibration pulse. This is interesting, since it is a phenotype that we do not observe
with Trh mutation.
Why would the action of a particular set of receptors differ from the serotonergic
system as a whole? One interesting possibility is that serotonergic populations them-
selves are automodulated by particular receptors. The serotonergic system might
exert feedback inhibition on itself, to prevent modulation from becoming too ex-
treme. There is evidence in the literature to suggest that 5-HT1A might serve as
an autoregulatory receptor, and it has been shown to be expressed on serotonergic
neurons in the dorsal raphe [242]. Alternatively, it may be that combinations of
receptors in particular targets are required for serotonin to enact its behavioral role.
Some of these receptors likely facilitate the effects of serotonin, some oppose them.
This is again a way of avoiding over modulation.
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Caveats of RNAi Approaches
As 5-HT7 appears to mediate the effect of serotonin in the context of a whole animal
mutant, we were surprised to see that RNAi knockdown of this receptor in all VNC
neurons caused what looks like the opposite phenotype, with animals slowing down
and walking less frequently than controls.
This result may indicate that 5-HT7 plays a distinct role in the VNC than in the
rest of the brain, a role opposing its overall effect. However, it is also important to
acknowledge that this experiment comes with significant caveats. In the first place,
only one of the two RNAi lines we tested showed this phenotype. Additionally, we
have not assessed the efficiency of knockdown in this experiment, and RNAi is often
not as efficient as mutants in preventing protein expression. RNAi lines can also
have off-targets, so it is possible that the effects we are observing may in fact be due
to knockdown of another gene [243]. It is a little suspicious that all driver lines we
used in this study appear to equally shift walking behavior, as we might expect that
serotonin would have distinct roles in each of these populations.
Future work will have to be done to further explore the role of particular seroton-
ergic receptors in subtypes of VNC circuitry. In the appendix, we will describe our




For the majority of behavioral experiments, fly culture methods were as described in
Chapter 2. For imaging, animals were kept at 25° without light:dark standardization.
For RNAi experiments, animals were raised as described previously. Upon eclo-
sion, adults were shifted to a 30° incubator on the same 12:12 light:dark cycle where
they were kept until the behavioral experiment (2-3 days). This was done to increase
the efficiency of RNAi knockdown.
6.4.2 Fly Lines
Receptor Mutants
Table 6.1: Receptor Mutant Lines
Line Source Reference Figure
isoCS







Table 6.2: MiMIC Gal4 Lines
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Line MiMIC Insertion Source Reference
5-HT1A
MI01140















Vglut»LexAVP16, LexO-CD8GFP /FM7; Vglut»LexAVP16,





+ ; DacRE-Flp ; + Cesar
Mendes
[8]
+ ; MHC-RFP ; + BL38464




+ ; UAS » GFP ; UAS » GFP Cesar
Mendes
Table 6.4: Lines and Associated Figures
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Experimental Line Figure
5-HT1A-Gal4 (MI01140) / + ; 20X-UAS hexameric
GFP / +
Fig 6.5B and B’
5-HT1A-Gal4 (MI01468) / + ; 20X-UAS hexameric
GFP / +
Fig 6.5C and C’
5-HT1A-Gal4 (MI04464) / + ; 20X-UAS hexameric
GFP / +
Fig 6.5A and A’,
6.6B
5-HT1B-Gal4 (MI05213) / + ; 20X-UAS hexameric
GFP / +
Fig 6.5D and D’,
6.6C
5-HT2A-Gal4 (MI0459) / 20X-UAS hexameric GFP / + Fig 6.5E and E’,
6.6D
5-HT2A-Gal4 (MI03299) / 20X-UAS hexameric GFP /
+
Fig 6.5 F and F’
5-HT2B-Gal4 (MI05208) / 20X-UAS hexameric GFP /
+
Fig 6.5 G and G’,
6.6E
5-HT2B-Gal4 (MI06500) / 20X-UAS hexameric GFP /
+
Fig 6.5 H and H’
5-HT2B-Gal4 (MI03466) / 20X-UAS hexameric GFP /
+
Fig 6.5 I and I’
5-HT2B-Gal4 (MI07403) / 20X-UAS hexameric GFP /
+
Fig 6.5 J and J’
5-HT7-Gal4 (MI0215) / 20X-UAS hexameric GFP / + Fig 6.5 K and K’,
6.6F
DacRE-Flp / UAS»GFP ; 5-HT7 (215) Gal4 /
UAS»GFP
Fig 6.7A
Vglut»lexA; lexAop-GFP; UAS-Flp; 5-HT7-Gal4 Fig 6.7B




Table 6.5: RNAi Lines
Line Source Reference
y[1] v[1]; Py[+t7.7]=CaryPattP2 BL 36303
y[1] sc[*] v[1]; Py[+t7.7]
v[+t1.8]=VALIUM20-GAL4.1attP2
BL35784











Table 6.6: Driver Lines for RNAi
Line Source Reference
+ ; otd-Flp ; + Kenta Asahina [244]
+ ; E49-Gal4 ; Kristin Scott [245]
+ ; + ; tub»Gal80 BL39213
+ ; + ; iav-Gal4 BL52273
tub>gal80> ; tsh-LexA, LexAop-Flp ; + ; Marta Zlatic Kristin Scott
+ ; + ; Elav-Gal4 BL8760
Table 6.7: Lines and Associated Figures
Experimental Line Figure




+ ; otd-Flp, E49-Gal4 / + ; 20x UAS hexameric GFP/ tub»gal80 Fig 6.8C
and D




y[1] v[1] / tub>gal80> ; tsh-LexA , LexAop-Flp / + ;
Py[+t7.7]=CaryPattP2 / Elav-Gal4
Fig 6.9A
y[1] v[1] / tub>gal80> ; tsh-LexA , LexAop-Flp / + ; Py[+t7.7]
v[+t1.8]=VALIUM20-GAL4.1attP2 / Elav-Gal4
Fig 6.9A
y[1] v[1] / tub>gal80> ; tsh-LexA , LexAop-Flp / + ; Py[+t7.7]
v[+t1.8]=TRiP.HMS00471attP2 / Elav-Gal4
Fig 6.9A
y[1] v[1] / tub>gal80> ; tsh-LexA , LexAop-Flp / + ; Py[+t7.7]
v[+t1.8]=TRiP.JF02576attP2 / Elav-Gal4
Fig 6.9A
y[1] v[1] / + ; otd Flp, E49-Gal4/ + ; Py[+t7.7]=CaryPattP2 /
tub»gal80
Fig 6.9B
y[1] v[1] / + ; otd Flp, E49-Gal4/ + ; Py[+t7.7]
v[+t1.8]=VALIUM20-GAL4.1attP2 / tub»gal80
Fig 6.9B
y[1] v[1] / + ; otd Flp, E49-Gal4/ + ; Py[+t7.7]
v[+t1.8]=TRiP.HMS00471attP2 / tub»gal80
Fig 6.9B
y[1] v[1] / + ; otd Flp, E49-Gal4/ + ; Py[+t7.7]
v[+t1.8]=TRiP.JF02576attP2 / tub»gal80
Fig 6.9B
y[1] v[1] / tub>gal80> ; tsh-LexA , LexAop-Flp / + ;
Py[+t7.7]=CaryPattP2 / iav-Gal4
Fig 6.9C
y[1] v[1] / tub>gal80> ; tsh-LexA , LexAop-Flp / + ; Py[+t7.7]
v[+t1.8]=VALIUM20-GAL4.1attP2 / iav-Gal4
Fig 6.9C
y[1] v[1] / tub>gal80> ; tsh-LexA , LexAop-Flp / + ; Py[+t7.7]
v[+t1.8]=TRiP.HMS00471attP2 / iav-Gal4
Fig 6.9C




6.4.3 Leg dissection, imaging, and image processing
To prepare legs for imaging, fly heads and abdomens were removed, and thoaces with
legs attached were fixed overnight in 4% PFA at 4 degrees. Carcasses were washed 5
times with .03% PBST, and then place in Vectashield and allowed to settle overnight.
Prior to imaging, legs were mounted in Vectashield. Imaging was performed on
a Leica SP5 confocal at 20X and 1024 x 1024 pixel resolution with 3x averaging.
Two PMT detectors were set to capture green fluorescent signal, and also the green
autofluorescence of the cuticle. Laser power was adjusted independently for each line
to achieve optimal visualization of structures.
Images were processed in Fiji. Autofluorescence was subtracted from the GFP
channel to allow for clearer visualization of leg structures.
6.4.4 Brain and VNC Immunohistochemistry and Imaging
Performed as described in Chapter 2.
Table 6.8: Primary Antibodies
Antibody Animal Concentration Figure
Brp m 1:50 Fig 6.5
Table 6.9: Secondary Antibodies
Secondary Animal Concentration Figure
Alexa 633 goat anti m 1:500 Fig 6.5
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6.4.5 Behavioral Experiments
Arena hardware and software was as described in Chapter 3. Paula Jon assisted with
collection of behavioral data.
Mutant Protocols
Table 6.10: Baseline Walking
Step 1 5 minutes in the dark Fig 6.1
Table 6.11: Vibration Response
Step 1 30 sec in the dark
Fig 6.2Step 2 10 sec vibration
Step 3 Repeat Steps1-2 4 more times
RNAi Protocols
Table 6.12: Baseline and Vibration Response
Step 1 5 minutes in the dark
Fig 6.9Step 2 10 sec vibrationStep 3 2 minutes in the dark
Step 4 Repeat Steps 2-3 2 more times
6.4.6 Statistics
Genotypes were compared by Kruskal-Wallis test with Dunn-Sidak post hoc correc-
tion for multiple comparisons. Parameters assayed were as described in Chapter 3,
with the exception of response maximum, the definition of which we amended to
better fit these data, and a new parameter - rise time:
Response maximum: Maximum speed reached after response minimum - up to
the end of the pulse.
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Discussion and Future Perspectives
7.1 Summary of Results
In this study, we have addressed how local serotonergic neurons in the ventral nerve
cord regulate walking in Drosophila melanogaster (Figure 7.1 A). When optogeneti-
cally activated, these neurons, which provide the majority of serotonergic inputs to
the VNC, push animals into a state of coordinated slow walking. Without them,
animals consistently walk faster than their control counterparts, and also show key
differences in their adaptation to novel environments and immediate response to sharp
contextual changes. We hypothesize that these findings represent three key modes
of serotonergic action: 1) ongoing signaling to consistently slow walking speed, 2)
enhanced signaling in response to environmental novelty, to facilitate exploration,
and 3) a pulse of signaling mediating the immediate response to sudden onset of
contextual shifts (Figure 7.1 B).
Moreover, we find that different receptors for serotonin play distinct roles in mod-
ulation of these behaviors. While some aspects appear to be modulated primarily by
a single receptor subtype, others require signaling at all receptor subtypes.
Anatomically, each neuron within this VNC serotonergic population has a highly
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complex and specific morphology, and together their processes innervate the entirety
of the VNC, likely acting directly on VNC circuits to effect their behavioral role
(Figure 7.1 A). Serotonergic receptors are extensively expressed within VNC sensory
and motor components, and particular receptors appear to be preferentially located
in specific circuit components. This distribution, combined with the known roles of
these receptors in downstream signaling cascades, suggests that serotonergic action in
the VNC shifts sensory-motor processing, enhancing proprioceptive and distal sensory
information and strengthening motor output (Figure 7.1 C).
This work has given us deeper insight into how this particular modulatory system,
and modulatory systems in general, enact their role in circuit modulation. However,
it also raises a number of interesting hypotheses that we feel would be productive
directions of future investigation.
7.2 Future analysis of the VNC serotonergic
system
Dissecting inputs to VNC serotonergic neurons
While we have worked to uncover how and when the serotonergic system in the
VNC is utilized to modulate walking, we still know little about what circuit elements
are involved in recruiting these cells. In our current model, the serotonergic system
in the VNC serves as an effector that acts on local circuitry to produce shifts in
walking behavior. Thus, the upstream components that signal to this system are likely
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Figure 7.1: Summary of results and hypotheses. A) Schematic showing two VNC seroton-
ergic neurons (in blue). Predicted pre- and post-synaptic targets are indicated by green
and red arrows respectively. B) Roles of the VNC serotonergic system in behavioral mod-
ulation include 1) constant suppression of walking speed, 2) especially when animals are
engaging with a novel environment and 3) in response to sharp context changes. C) Hy-
pothesized effect of serotonin on sensory and motor targets based on receptor distribution
and behavioral data.
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either those that are involved in directly sensing walking context (such as sensory
structures in the leg), or central brain regions that process sensory information and
make decisions about behavioral output. We have shown that serotonin is involved
in mediating the response to stimuli such as vibration that likely are communicated
directly to the VNC. But other sensory stimuli, such as visual and olfactory, are
clearly processed first by the brain.
Therefore, the most likely neurons to provide input to serotonergic neurons are
either those that convey sensory information directly into the VNC (such as the
neurons of the chordotonal organs, for example), or neurons that send their processes
directly from the brain to the VNC (Figure 7.1 A, green arrows). Recently, an
effort has been made to fully categorize and develop tools to label these descending
neurons [246], and a number of them innervate the VNC in patterns reminiscent
of the arborization of particular serotonergic neurons. Techniques such as GFP-
reconstitution across synaptic partners (GRASP) will allow us to assess whether
either sensory or descending populations directly target serotonergic neurons in the
VNC [247, 248]. This work will be greatly facilitated by a traced electron microscope
VNC volume, which is currently in the process of being generated at Janelia.
How VNC serotonergic neurons act on downstream
components
At the level of outputs, our work has provided strong candidates for the targets of
VNC serotonergic neurons (Figure 7.1 A and C). Understanding serotonin’s exact
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role in each of its targets is likely to be challenging, but we believe that Drosophila
neuroscience is in a place where these functions can begin to be teased apart.
We are particularly excited about recently developed techniques to perform func-
tional imaging and electrophysiology in intact animals [185, 186, 198]. Using these
techniques, we will be able to better understand how serotonin – either bath applied
or optogenetically released – affects both motor and sensory processing in the VNC.
It would be particularly interesting to explore how serotonin modulates incoming
sensory information. We have behavioral evidence that serotonin is important in
mediating the response to vibration stimuli, and a key next step is to understand
where in the process of the sensory to motor transformation the serotonergic system
is acting.
However, even once we fully understand the effect of serotonin on circuit compo-
nent activity, we will still need to bridge the current divide between our understanding
of walking kinematics and the activity of particular circuit components. For instance,
we can determine whether serotonin increases or decreases the strength of muscle
contraction, but it is unclear how this change is contextualized within whole-animal
behaviors. Thus, these approaches must be done in parallel to further behavioral
studies of the role of particular targets in walking. The novel toolbox of alleles we
have generated will be key as we begin to study the role of particular receptors in
subpopulations of VNC neurons.
While we have thus far focused on the effect serotonergic signaling might have on
sensory and motor populations, we cannot neglect the fact that these systems likely
also target central pattern generating (CPG) circuitry. It might even be that this
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action is the primary driving force of changes in motor output and behavior that we
have been observing. But our current lack of understanding of the seat of these motor
circuits in the VNC prevents us from evaluating this hypothesis. As the components
of VNC circuit begin to be uncovered, it will open the door to testing the effect of
modulation on these populations.
Expanding our analysis to other contexts
We have made two important observations about the contextualized role of serotonin
in mediating walking behavior. 1) Serotonin modulates behavioral adaptation to
the novelty of our arena. 2) This system also appears to modulate a the behavioral
response to sharp transitions. Future work could build upon these observations by
delving deeper into novelty and startle paradigms.
Designing arenas with narrow passages between novel compartments might be one
way to address how serotonin shifts exploratory behavior. This would be a way to
study exploration in a replicable context, and also to dissect which features of the
environment – its shape, size, landmarks etc. – contribute to how serotonin mediates
this behavior.
In our experiments, we have consistently observed that the onset of a stimulus (be
it olfactory, visual, or mechanosensory), induces a brief period of pausing behavior.
We hypothesize that this behavioral period represents a type of startle response, and
also a period where animals can collect sensory information before deciding on an
appropriate behavioral action.
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This pause is highly reminiscent of a commonly studied defense behavior: freezing
in response to a looming stimulus [249–252]. Flies either respond to a looming stim-
ulus by freezing or accelerating, depending on their initial speed when the stimulus
was presented. However, interestingly, both freezing and escape behaviors start with
a brief ( 500 ms) slow-down and pause phase. The magnitude of this phase is main-
tained regardless of whether flies enter the pulse with fast or slow speed, and the time
course of this phase is also the same regardless of future behavioral choices [252]. It
would be particularly interesting to see if there is any effect on behavioral selection
by artificially shortening or prolonging this phase through inactivation or activation
of serotonergic neurons in the VNC. It may be that the length of this pause phase is
essential for the correct selection of subsequent behaviors.
In addition to the opportunities to expand the scope of our current studies, there
are also many walking challenges we have not yet been able to address. One possi-
bility that we did not examine in this work is that the serotonergic system mediates
walking responses to complex terrain. Based on our analysis of receptor localization,
we hypothesize that serotonin acts to shift the way sensory information is processed,
perhaps privileging distal sensory and proprioceptive information. We also hypothe-
size, and literature has shown, increased drive to motor neurons due to serotonergic
action. Increased muscle output has been shown to be required in humans to navigate
complex terrain, and may be playing a similar role in the fly [237, 238]. Additionally,
we have shown that opposing pairs of flexor and extensor muscles are targeted by
the motor neurons that express a facilitating serotonergic receptor, suggesting this
system may be involved in co-contraction. The phenomenon of co-contraction is a
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key mechanism to facilitate joint stability in the face of a complex environment in
human studies [237–240]. Thus we might hypothesize that loss of serotonergic tone
in VNC might reduce stability in the face of terrain challenges.
While this is a promising direction of research, there are a number of challenges
with setting up such a behavioral assay in Drosophila. In the first place, we would
ideally like an assay where each animal experiences unpredictable terrain changes, but
for the purposes of analysis, each individual must also experience the same terrain if
we are to pool data across the population, which we have found essential for reducing
behavioral noise. Therefore, it may not be the best approach to perform rough
terrain experiments in an open field, where individuals can choose their own path
and likely therefore have varied experiences. An alternative might be to use an assay
of channels, where flies walk from one end to the other, experiencing exactly the same
terrain. However, based on our experience with behaving Drosophila, we predict that
motivating flies to walk through these channels would be challenging. Therefore,
the best paradigm would likely be one that was able to provide consistent terrain
features in a way that forced animals to engage with them. In mammalian systems,
treadmill paradigms have proven an effective way to introduce distinct an animal to
many distinct environments [253, 254]. As paradigms for flies walking on a spherical
treadmill walking become more sophisticated, we might at some point be able to
provide distinct surfaces or textures to flies in a way that will force them to engage
with this different terrain.
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Expanding beyond the VNC
In our experiments, we have focused primarily on the role of serotonergic neurons in
the VNC, as our anatomical studies have suggested that these are the most likely
to directly target motor circuits. However, brain serotonergic neurons may also be
important in regulating motor behaviors. For example, activation of serotonergic
neurons only in the brain has been found to be sufficient to decrease locomotor
velocity [148]. This may represent a distinct role of serotonin in the brain that
converges on the same behavioral output, or it may suggest that the serotonergic
system acts coordinately in the brain and the VNC to modulate walking behavior.
One possibility is that descending serotonergic neurons from the brain synapse onto
the VNC serotonergic system, linking these two populations and their activities. This
could be a way to synchronize the role of brain specific serotonergic systems, which
have been implicated in behaviors such as the modulation of circadian rhythms and
aggression, with the motor behaviors required for animals to carry out these actions
[221, 232, 255].
7.3 This work illustrates key concepts of
neuromodulation
While our work has focused on uncovering the specific role of serotonin in Drosophila
locomotion, our findings are also illustrative in the context of larger questions about
how modulatory systems act on neural circuits [45, 99].
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The distinction between intrinsic and extrinsic modulation is
not sharp
A distinction has been made in the literature between “extrinsic” and “intrinsic”
modulatory systems. Extrinsic systems are separate from the circuits that they mod-
ulate, for example a neurohormone released into the circulatory system. In contrast,
intrinsic systems are essential components of their respective circuits [99]. Our data
most strongly supports an extrinsic role for the serotonergic VNC system. Seroton-
ergic tone is clearly not strictly required for circuit function, serotonergic neurons do
not co-transmit any canonical neurotransmitters, and receptor distribution suggests
that serotonin likely targets the motor system at a variety of levels to enact its effect.
However, a number of our observations complicate this picture. Serotonergic tone
in the VNC is provided by local neurons, with highly specific morphologies, that
likely make extensive synaptic contacts. These results suggest that, instead of a fully
extrinsic regulator, the VNC serotonergic system also displays intrinsic features and
may be intimately integrated into specific VNC circuits. The diversity and specificity
of single cell morphologies in particular suggests that individual cells might be com-
ponents of important sub-circuits within the VNC, and might enact distinct functions
which have been obscured in our population-level behavioral analysis. To test this
hypothesis, we are currently looking for tools that will allow us to independently test
the role of particular subsets of serotonergic VNC populations in walking behavior.
By identifying lines from the Janelia Gal4 library whose expression overlaps in a small
number of serotonergic cells, we can generate intersectional genetic tools to reliably
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label and manipulate neuronal activity in these populations [256–258].
Maintaining modulatory balance and avoiding
over-modulation is essential
A key question in the field of neuromodulation is how systems that are subject to
a diversity of modulatory forces retain stability and avoid being “over-modulated”
[45]. Our studies suggest a few potential ways that the serotonergic system might
maintain this stability.
Built-in regulation within one system
Throughout our study, we have seen evidence for checks on the effect of the seroton-
ergic system, which likely serve to avoid pushing the system too far in one direction.
Our functional imaging data suggests that a subpopulation of serotonergic neurons
acts in a way that is perhaps opposite from what we might expect for “slow down”
neurons, becoming more active the faster animals walk. We have discussed many po-
tential explanations for this phenomenon, but an intriguing one is that these neurons
serve an autoregulatory function, shutting down the serotonergic system when the
animal is walking quickly. As we develop tools to manipulate subsets of serotonergic
neurons, we hope to determine whether any play this autoregulatory role.
The fact that mutation in particular serotonergic receptors can produce pheno-
types that are distinct from Trh mutation also suggests that there may be checks and
balances in this system. Whether these receptors serve as auto-receptors, shutting
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down the activity of the serotonergic population, or whether targets themselves are
modulated in an opposing way has not yet been uncovered. Likely both are the case.
Intersecting receptor Gal4 lines with a line driving in Trh neurons would be the first
step in determining whether serotonergic neurons are themselves subject to modula-
tion. And further studies of the role receptors play in subsets of VNC neurons will
begin to build a clearer picture of how targets are differentially modulated.
Counterbalancing action of other modulatory systems
Our study also raises a question of whether there are other neuromodulatory systems
in the VNC that play the opposite role as serotonin in modulating walking speed.
Lack of dopamine in the central nervous system has been associated with reduced
arousal and activity, so perhaps this could serve as a counterbalancing force to sero-
tonin [88]. Similarly, octopaminergic mutants have been shown to have a slower
walking pattern than controls [62], and octopamine mediates starvation-dependent
locomotor hyperactivity, but not feeding [89]. Tyramine, a substance one synthetic
step upstream of octopamine, has also been found to be important in increasing
baseline walking speed [89]. Thus, it may be that the counterbalancing actions of
serotonin and one of these other modulatory systems allow VNC circuits to maintain
stable output. Future work could modify activity in multiple systems at once, in
an attempt to determine whether the activity of these modulators could ultimately
cancel each other out.
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Redundant action at many circuit levels
Actions on different components of the motor circuitry may serve to synchronize
behavior and provide fail-safes for over modulation. Our analysis of receptor distri-
bution provides evidence that such diverse modulation is occurring in the VNC, with
receptors being expressed in sensory, motor, and interneuron populations. Expres-
sion in all of these populations might allow the serotonergic system to robustly shift
behavior even if a particular circuit component is not as responsive as expected. If
this were the case, we might expect modulation of each circuit component to be re-
dundant, and therefore removing serotonergic tone into a particular component might
not dramatically affect behavioral output.
The maintenance of circuit stability in the face of extensive modulation is a key
challenge for neural circuits, and it will be interesting to further explore how the
motor system manages this task.
Neuromodulatory systems act at a variety of timescales
We have seen examples in this study of both an steady state and acute role for
serotonergic signaling in modulating walking behavior. However, we have yet to
explore the role of serotonin over longer periods of time. This role is likely important,
as neuromodulatory systems are well-known to effect long term behavioral changes,
including shifting connectivity through changes in gene expression [166, 220, 259]. It
would be interesting to explore whether activation of serotonergic neurons over a long
period (days, for example) can induce long lasting changes in walking. Additionally,
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while we have thus far focused on short-term behavioral adaptations – i.e., ones that
occur almost immediately – there is evidence that more severe perturbations, such as
loss of a limb, can cause walking changes that take place over a period of days [37,
62]. We’d be very interested to see whether serotonin, or another neuromodulatory
system, is mediating these changes as well.
Understanding how circuits are modulated is essential for a holistic understanding
of the way the nervous system adjusts behavior to contextual challenges. In this work,
we have discussed the role of serotonin in modulating walking behaviors and have
identified diverse roles for this single substance in the modulation of a single behavior.
Within the complex landscape of the entire behavioral repertoire of an organism, even
one as simple as such Drosophila, many of these systems are likely required to produce
a huge diversity of behavioral patterns. But without an understanding of modulation
in its full complexity, it will be impossible to move beyond our current understanding
of circuit connectivity and function.
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Appendix: Generation of CRISPR Alleles
Our work suggests that serotonin acts on various targets in the VNC, each of which
expresses a distinct complement of receptor types. In the future, we think it will be
important to dissect the contribution of each of these receptors, in each location, to
the role of serotonin in walking modulation. We thus wanted a way of conditionally
removing particular receptors in particular subpopulations. While techniques such
RNAi already exist for this purpose, their efficiency is varied, and they often have off
target effects.
Gene Editing Strategy
Therefore, we are currently in the process of generating a flexible toolbox of CRISPR
alleles that can serve as platforms for recombination mediated cassette exchange,
and ultimately conditional allelic deletion (Figure A1A). To make these alleles, we
initially replaced fragments of each receptor with a dsRed marker flanked by attP
sites (Figure A1B). Future work can convert them into conditional deletion alleles by
replacement of the fluorescent marker with the original sequence, flanked by B3 or
other recombination sites (Figure A1C and D) [260].
In this work we were greatly assisted by Rebecca Delker, who helped with design
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of targeting schemes, and Siqian Feng, who built the ds-Red replacement plasmid.
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Table A2: Progress in the Generation of CRISPR Alleles
Line Source Reference
+ ; nos-Cas9 ; + NIG-FLY Stock Center CAS-0001 [261]
Cloning
Targeted regions were sequenced in the injection line to confirm accuracy of gRNAs.
gRNAs (see Table A3) were cloned into pCFD4 using Gibson Assembly. Pairs of
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Targeting of 5HT ReceptorsA B
C
D
Figure A1: Strategy for CRISPR targeting of 5-HT receptors. A) Schematic of targeting
of each serotonergic receptor gene. Site of CRISPR targeted are marked with blue arrows.
B) Step 1 of our targeting strategy was to replace portions of each gene with a dsRed
marker flanked by attP sties. C) Step 2 is to replace the dsRed marker through attp-attB
recombination. D) Ultimately, this strategy will allow us to generate conditional deletion
alleles, where the wildtype receptor sequence is flanked by recombination sites (B3 shown
here) which can initiate deletion in subsets of target cells.
techniques into a vector with a ubi-dsRed cassette flanked by attB recombination sites
(constructed by Siqian Feng).
gRNA and HA constructs were injected into a fly line with a nos-cas9 transgene
(see Table A2), and progeny were screened for the ubi-dsRed marker. Insertions were
confirmed by Southern Blot using upstream and downstream DIG labeled probes (see
Table A5) and by PCR (see Table A6).
I generated alleles for 5-HT7 and 5-HT2B. Alleles for 5-HT1A, 1B, and 2A are
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Table A3: gRNAs
Gene Targeting Event Primer Sequence










currently in the process of being generated by Rainbow Transgenics.













5-HT2B Upstream F aaacctaggGAATCATTAGCCCGACTGGA AvrIIR aaaggcgcgccAGATTTCCAACTAGTA
TAAGTCTTAGTATC
AscI
Downstream F aaagctagcAATTGGTAGTGATCCAGGTCT NheIR aaacggtccgAAATGGGAATCTGCAGCAAC RsrII
210





5-HT7 Upstream F AAAcctaggCCGCTGCTCTTAGCCATTTA ScaIR cccccccatatgTAAAGGTCGTGTCTATAAT-
TATACAAACAATAATTTGCA
Downstream F cccccccatatgCAATATTAGCCGGTTTAATT-TAACCATTGAAAATAG ApaI
R
ccccccttaattaaCACTTGCTTCGTGACTTTCG
5-HT2B Upstream F aaacctaggGAATCATTAGCCCGACTGGA PstIR aaaggcgcgccAGATTTCCAACTAG-
TATAAGTCTTAGTATC
Downstream F aaagctagcAATTGGTAGTGATCCAGGTCT NcoIR aaacggtccgAAATGGGAATCTGCAGCAAC
Table A6: PCR Validation of Alleles
Gene Targeting Event Sequence
5-HT7 Upstream F GTGTTGCATACTTCCGGGCTR CGCTCTAGAACTAGTGGATCCC
Downstream F GGAGCAGTACGAGCGCAR CTGAGCTTTAAGACTAGAAAGAGACGG
5-HT2B Upstream F GGCTTATGTTGTCATGGACCR CGCTCTAGAACTAGTGGATCCC
Downstream F GGAGCAGTACGAGCGCAR GGAACGGCATTGCAATTCAG
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